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Abstract 
 
The marine biogeochemical cycle of Silicon (Si) in the Southern Ocean is effectively 
‘decoupled’ from that of Carbon (C) and Nitrogen (N). This is because the lack of bio-
available iron (Fe) in the region prevents the complete utilisation of Nitrate (NO3
-
) 
relative to silicic acid (Si(OH)4) by diatoms  in Antarctic surface waters. Consequently, 
higher Si:N and Si:C ratios in Antarctic diatoms results in the preferential export of 
Si(OH)4 from surface waters relative to NO3
-
, leading to surface waters north of the 
Antarctic Polar Frontal Zone becoming depleted with respect to Si(OH)4. Regional 
variations in the export flux of Si and C in the Southern Ocean has the potential to alter 
global atmospheric CO2 concentrations and marine Si(OH)4 inventories. However, the 
ability to make predictions on how these fluxes will vary in response to future climate 
change is confounded by the general lack of knowledge on the mechanisms behind how 
Si and C metabolisms in Southern Ocean diatoms change in response to variations in 
the physico-chemical environment. This study attempts to determine how Southern 
Ocean diatom physiology changes in response to chronic Fe-limitation. Specifically, 
attempts are made to elucidate mechanisms driving variations in cell morphology, 
elemental stoichiometry, Si(OH)4 uptake kinetics and Si-isotope fractionation in two 
Southern Ocean diatoms (Probocia inermis and Eucampia antarctica) and the coastal 
isolate, Thalassiosira pseudonana.  
 
All diatoms cultured under Fe-limiting conditions exhibited respective decreases in 
cellular growth rate, C and N content and maximal Si(OH)4 uptake (VSi-max), whilst 
responses varied in cell morphology and biogenic silica (BSi) content. T. pseudonana 
exhibited little variation in cell volume and BSi content under varying Fe-
concentrations, while both Southern Ocean diatoms increased their respective cell 
surface area and cell volume in response to Fe-limiting conditions.  BSi content on a 
cell-surface area basis in both Southern Ocean diatoms either did not change (P. 
inermis) or decreased (E. antarctica), while the half saturation constant for Si(OH)4 
uptake (KSi) in E. antarctica decreased in response to reductions in VSi-max. Although 
there were no visible relationships between variations in VSi-max and KSi with variations 
in cell volume or cell surface area; reductions in VSi-max were observed to scale linearly 
with reductions in cellular growth rate in all species. Si-isotope fractionation appeared 
vii 
 
independent of variations in extra-cellular Fe-concentrations in T. pseudonana, 
however, both Southern Ocean species exhibited variations in the Si-isotope 
fractionation factor (ε) in response to Fe-limitation. Potential mechanisms as to why this 
occurs could be related to the specific affinity for Si(OH)4 in Southern Ocean diatoms 
compared to coastal diatoms such as T. pseudonana, and it is likely that Si-isotope 
fractionation in Southern Ocean diatoms, which are endemic to high-Si environments; is 
more sensitive to variations in Fe-supply. In addition, physiological variations in 
diatoms as a result of Fe-limitation are likely to have multiple effects on Antarctic food 
webs and Si:N/Si:C export ratios in the Southern Ocean. Results from these in-vitro 
studies suggest that growth rate, rather than the surface to volume (S/V) ratio should be 
related to kinetic parameters relating to Si(OH)4 uptake in biogeochemical models of 
planktonic ecosystems.  
 
Finally, a mesocosm experiment was conducted in subtropical waters east of New 
Zealand to put findings from in-vitro studies into context. Si-isotope fractionation of the 
resident phytoplankton community in the mesocosm exhibited classical Rayleigh-style 
closed-system fractionation kinetics, and Si-isotope fractionation factor (ε) of -1.13 ‰ 
was calculated. Comparisons between results from the mesocosm and observations from 
the phytoplankton community in surface waters suggest microbial control of the Fe 
inventory and diatom community likely limits the Si-isotope composition (δ30Si) for 
diatom BSi in surface waters.  
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1 Introduction 
Diatoms are the oceans dominant siliceous organisms and play a major role in 
facilitating the interaction between the biogeochemical cycles of silicon (Si) and carbon 
(C) (Dugdale et al., 1995, Dugdale and Wilkerson, 2001, Buesseler, 1998). They are 
responsible for ~20% of global carbon fixation and account for approximately ~40% of 
the organic carbon generated in the ocean by photosynthesis each year (Nelson et al., 
1995, Armbrust et al., 2004). Diatoms have an obligate growth requirement for Si and 
have developed an extremely efficient Si uptake and transport system that allows them 
to strip the surrounding water column of silicic acid (Si(OH)4) and catalyse it into 
biogenic silica (BSi) during the formation of their cell walls, or frustules (Thamatrakoln 
and Kustka, 2009, Thamatrakoln and Hildebrand, 2008). 
 
This unique ability affords diatoms a competitive advantage over other phytoplankton, 
and as a result diatoms often dominate phytoplankton assemblages in areas of the ocean 
where the supply of Si(OH)4 and nitrate (NO3
-
) is relatively high (Egge and Aksnes, 
1992). Consequently, diatoms tend to be responsible for the majority of ‘new 
production’ in the ocean, that is, the production of organic carbon from new forms of 
nitrogen (as opposed to regenerated nitrogen in the form of ammonium) (Dugdale, 
1967). This is particularly significant in the high-nitrate low-chlorophyll (HNLC) 
regions of the Southern Ocean and Equatorial Pacific, where the supply of Si(OH)4 
regulates new production, and hence, the rate of carbon fixation via photosynthesis 
(Dugdale and Wilkerson, 1998). Furthering the general understanding of the 
biogeochemical cycle of Si and the role and interaction of diatoms with it has therefore 
been a subject of considerable attention from bio-geochemists for some time now. 
 
1.1 The Silicon Cycle 
Silicon (Si) comprises 27% of the lithosphere yet contributes only a minor fraction to 
the biosphere (Trèguer et al., 1995). Despite this, it has proved to be an essential 
building block in facilitating the metabolic processes of a wide range of both terrestrial 
and marine organisms and has been shown to have an extensive biochemistry (Exley, 
1998). It is an essential nutrient for a wide range of marine organisms and plays an 
important role in the life cycles of diatoms, silicoflagellates, radiolarians and sponges 
(Tréguer and De La Rocha, 2013).  
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Si(OH)4 is delivered to the ocean primarily via chemical or alluvial weathering, with 
only a minor contribution from Aeolian sources and hydro-thermal inputs (Figure 1.1) 
(Tréguer and De La Rocha, 2013). Surface water Si(OH)4 concentrations in the global 
ocean are relatively depleted (<3 μM) due to consumption by diatoms and other 
siliceous organisms. In contrast, Si(OH)4 concentrations in deep and bottom waters are 
higher by an order of magnitude; with deep-water concentrations in the North Atlantic 
varying from 10 to 40 μM L-1, whilst deep-water concentrations in the North Pacific 
often exceed ~180 μM L-1 (Trèguer et al., 1995, Dugdale et al., 1995). The partitioning 
of deep-water Si(OH)4 between both these basins is due to the increased enrichment of 
deep water Si(OH)4 by dissolution of diatom-derived BSi as deep circulation progresses 
from the North Atlantic to the North Pacific (Sarmiento et al., 2007). Uptake and the 
subsequent export of Si(OH)4 from surface waters to the deep ocean is facilitated almost 
exclusively by diatoms, and can reach values up to 105 Tmol yr
-1
 (Figure 1.2)(Tréguer 
and De La Rocha, 2013). Whilst some of the diatom-derived BSi reaches deep sea 
sediments as opaline silica, a majority of it is released into the water column as Si(OH)4 
through dissolution; either during export or at the sediment water interface (Ragueneau 
et al., 2000). This ‘silicate pump’ is the main mechanism by which Si in the ocean re-
joins the lithosphere (Broecker et al., 1982, Dugdale and Wilkerson, 2001). 
 
Annual fluxes for BSi to the deep ocean vary regionally by more than a factor of 100 
(Ragueneau et al., 2000). The highest annual fluxes occur in the Southern Ocean, which 
accounts for half of the global export flux of BSi to deep waters (~0.6 - 0.9 mol Si m
-2
 
yr
-1
); as evidenced by the large accumulations of BSi in Southern Ocean sediments 
(Ragueneau et al., 2000). Annual BSi fluxes to the deep ocean generally decrease 
towards the low latitudes, particularly in regions where export is dominated by large 
fluxes of carbonate. Exceptions to this rule are the upwelling regions of California 
Current and the Equatorial Pacific, where annual fluxes of BSi are 0.5 mol Si m
-2
 yr
-1
 
and 0.33 mol Si m
-2
 yr
-1
 (respectively) (Ragueneau et al., 2000). In contrast, the 
oligotrophic gyres can be clearly distinguished from eutrophic regions by their 
relatively low BSi export rates (0.03 mol Si m
-2
 yr
-1
, Brazil Basin) (Ragueneau et al., 
2000). 
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Preservation of BSi in sediments as opal varies on a regional basis, and only occurs 
when BSi dissolution at the sediment-water interface reaches a point where sediment 
pore-waters become saturated with respect to Si(OH)4. Thus, long term preservation 
rates are generally much smaller than BSi export rates (Tréguer and De La Rocha, 
2013). The largest rates of opal preservation occur along the continental margins (2.4 – 
3.1 Tmol yr
-1
), the North Pacific (0.3 Tmol yr
-1
), The Equatorial Pacific (0.02 Tmol yr
-1
) 
and the Southern Ocean (3.1 Tmol yr
-1
) (DeMaster, 2002). The relatively high BSi 
preservation and export rates in the Southern Ocean contrasts with other regions for a 
number of reasons. Southern Ocean surface waters receive considerable amounts of 
Si(OH)4 from the rest of the Ocean via upwelling of circumpolar deep water (CDW), 
which is fed by contributions of deep water from the Atlantic, Indian and Pacific 
Oceans (Tréguer, 2014). Thus, high surface concentrations of Si(OH)4 in the Southern 
Ocean supports the growth of diatoms and consequently, BSi production, export and 
preservation in the Southern Ocean is relatively high (Pondaven et al., 2000). In 
addition, the low temperatures of Southern Ocean waters favours the preservation of 
BSi in sediments as dissolution of BSi during export and at the sediment-water interface 
is relatively low compared to that of tropical and subtropical regions (Tréguer, 2014). 
The Southern Ocean thus, acts as a hub for global Ocean Circulation, and consequently 
is a major source of Si(OH)4 to the rest of the ocean (Sarmiento et al., 2007). 
Accordingly, small-scale variations in the physico-chemical properties in the surface 
waters of the Southern Ocean can have a larger effect on the biogeochemistry of the 
global ocean.  
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Figure 1.1. Silicon cycle in the ocean (from Tréguer and De La Rocha, 2013). Black arrows 
represent fluxes (F) of biogenic silica (BSi); grey arrows represent fluxes (F) of silicic acid 
(Si(OH)4). The dotted line represents the limit between the estuaries and ocean. All fluxes 
are in Tmol of Si yr
-1
. Abbreviations are as follows; River fluxes (gross); FR(gross), and (net); 
FR(net), Aeolian inputs; FA, Seafloor weathering inputs; FW, hydrothermal inputs; FH, 
Groundwater flux; FGW, Net deposit of BSi in coastal and abyssal sediments; FB(netdeposit), 
Reverse weathering in estuaries; FRW, BSi production (gross); FP(gross), Flux of Si(OH)4 
recycled in surface reservoir; FD(surface), flux of BSi to the deep reservoir; FE(export), flux of 
Si(OH)4 recycled in the deep reservoir; FD(deep), and at the sediment water interface; 
FD(benthic), flux of Si(OH)4 that reaches sediments; FS(rain); flux of Si(OH)4 transferred from 
the deep reservoir to the surface mixed layer; Fupw/ed, and net sink of BSi in sponges on 
continental shelves; FSP (Tréguer and De La Rocha, 2013). 
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1.2 Biogeochemistry of the Southern Ocean 
The glacial-interglacial transitions over the past 2 million years have been characterised 
by a lockstep cyclic variation in both global temperatures and atmospheric CO2 (Petit et 
al., 1999). These cycles are ultimately paced by variations in the orbital parameters of 
the earth, and occur with characteristic frequencies of 100kyrs, 41kyrs and 21kyrs.  The 
incident changes in solar radiation as a result of these variations however, are too small 
to account for the amplitude of the glacial-interglacial cycles observed, and other 
mechanisms must therefore be employed to explain the causes behind the glacial-
interglacial transitions of the past (Sigman and Boyle, 2000). The relative size of the 
carbon reservoir in the deep ocean compared to carbon stores in the terrestrial biosphere 
and atmosphere suggest variations in oceanic processes are the most likely to account 
for the observed glacial – interglacial change in climate records (Sigman and Boyle, 
2000). Current climate models however, are unable to reproduce the observed decrease 
in atmospheric CO2 and temperature by physical mechanisms alone, so additional 
biogeochemical mechanisms are often invoked to account for this variation (Kohfeld et 
al., 2005).  
 
Marine ecosystems fulfil an important role in the regulation of atmospheric pCO2 
through the action of the marine biological pump; that is, the uptake of atmospheric CO2 
in the surface ocean by phytoplankton and the subsequent formation and export of 
organic carbon to deeper waters (Figure 1.2). Diatoms can build up enormous blooms 
which often exhaust the supply of Si(OH)4 in surface waters within a few days; 
resulting in regions of the ocean becoming Si(OH)4 - limited, and large sedimentation 
events of diatom-derived BSi taking place (DeMaster, 2002). This is a characteristic 
phenomenon of eutrophic regions such as the Southern Ocean, and as such, the surface 
depletion of Si(OH)4 by diatoms can often have far reaching consequences for the wider 
ocean. The nutrient status of the Southern Ocean has been characterized as ‘High-
Nitrate Low-Chlorophyll’ (HNLC); that is, it is a region where despite the perennially 
high concentration of NO3
-
 in surface waters, productivity is relatively low. We now 
know that this condition is primarily due to a lack of bio-available iron (Fe) in surface 
waters from the Fe-fertilisation experiments that have taken place over the last two 
decades in the area (Sarmiento et al., 2004, Boyd et al., 2000, Coale et al., 2004, Pollard 
et al., 2009). HNLC regions cover a third of the global ocean, and include the Equatorial 
Pacific and North Pacific as well as the Southern Ocean. Whilst there is an overarching 
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view that Fe ultimately limits primary productivity in these regions, a complex interplay 
between physiological variations in the phytoplankton community as a result of Fe-
limitation and consequent changes in the deep export and remineralization of Si(OH)4 
can often result in Fe co-limiting with other resources, such as Si(OH)4 and 
light(Sarmiento et al., 2004, Dugdale and Wilkerson, 1998).  
 
 
Figure 1.2. Marine biological carbon cycling (from Falkowski and Oliver, 2007). 
Phytoplankton fix atmospheric carbon by photosynthesis and are subsequently consumed 
by secondary and tertiary producers. Approximately 15% of organic carbon is 
transported to the deep ocean, while the rest is re-mineralised throughout the water 
column. Of the organic carbon that reaches the deep ocean, only 0.1% is buried in deep-
sea sediments (Falkowski and Oliver, 2007). 
 
An example of this co-limitation can be found in the Southern Ocean, where a large 
northward gradient of decreasing surface Si(OH)4 across the Antarctic Polar Frontal 
Zone (APFZ) often leads to phytoplankton communities being Fe-limited south of the 
APFZ, whilst growth north of the APFZ is generally co-limited by Fe and Si(OH)4 
(Figure 1.3) (Sarmiento et al., 2004, Matsumoto et al., 2014). This gradient is caused by 
Fe-limited diatoms in Antarctic waters consuming more Si(OH)4 relative to NO3
-
 (at a 
ratio of 4:1, mol:mol), and as a consequence, waters that are transported by prevailing 
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westerlies to the Sub-Antarctic Zone (SAZ) are depleted in Si(OH)4 relative to NO3-
(Matsumoto et al., 2014). Accordingly, diatoms tend to dominate phytoplankton 
assemblages in the Si(OH)4-rich waters south of the APFZ, whilst calcifying nano-
plankton tend to dominate the assemblage in the Si(OH)4-poor waters to the north 
(Matsumoto et al., 2014). 
 
This phenomenon has led some to suggest that leakage of Si(OH)4 to lower latitudes 
during glacial times may have caused a shift in the phytoplankton community resulting 
in a decrease in atmospheric pCO2 (Matsumoto et al., 2014). The Silicic Acid 
hypothesis (SALH) suggests that alleviation of Fe-limitation in Antarctic waters during 
glacial times may have decreased the Si:N uptake ratio in diatoms, which consequently 
led to the creation of an unused pool of Si(OH)4 (Brzezinski et al., 2002). The 
subsequent community shift from calcifying nano-plankton to diatoms would have 
driven an increase in deep-water alkalinity and increased the rate of carbon export to the 
deep ocean (Brzezinski et al., 2002, Matsumoto and Sarmiento, 2008). Whilst there is 
some disagreement as to the validity of this hypothesis (Crosta et al., 2007, Beucher et 
al., 2007, Ellwood et al., 2010); reconstructions of past glacial Si(OH)4 can still provide 
some interesting insights into Southern Ocean biogeochemistry in both the modern and 
past contexts. 
 
Reconstructions of past Si(OH)4 utilization by diatoms rely either on the relative 
abundance of BSi in marine sediments or silicon isotope composition (δ30Si) of fossil 
diatoms (De La Rocha et al., 1998, Ragueneau et al., 2000). Recent re-constructions 
appear to support the SALH (Arellano-Torres et al., 2011, Brzezinski et al., 2002, De 
La Rocha, 2006, Beucher et al., 2007); however, these assume a constant fractionation 
factor that is 1.1 ‰ more negative than that of the Si(OH)4 pool. Whilst previous studies 
show fractionation appears independent of variations in temperature, species and pH 
(De La Rocha et al., 1997, Milligan et al., 2004); a recent study found an interspecies 
effect between two endemic Southern Ocean species of diatoms (Sutton et al., 2013). 
This suggests that a re-evaluation of the proxy is required; as well as a clearer 
mechanistic understanding of how diatoms fractionate Si isotopes during uptake of 
Si(OH)4. 
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Figure 1.3. Polar stereographic maps of annual mean concentrations of NO3
-
 and Si(OH)4 
(adapted from Sarmiento et al. 2004, Nutrient data from Levitus, 1998). The Southerly 
line denotes the position of the Antarctic Polar Front (APF); whilst the remaining lines (in 
sequence from south to north) represent the positions of the Sub-Antarctic Front, the 
Southern Sub-Tropical Front and the Northern Sub-tropical Front (Sarmiento et al., 
2004). 
 
1.3 The distribution of stable Silicon isotopes in the Southern Ocean 
In total, Si has 4 isotopes that exist in nature; 
28
Si, 
29
Si 
30
Si and 
32
Si (Ding et al., 2005). 
The first three are stable, with relative abundances of 92.223%, 4.685% and 3.092% 
(respectively), whilst the last one is radioactive (De Laeter et al., 2003). Si isotope 
compositions are expressed in delta (δ) notation, which expresses the relative abundance 
of the heavier isotope in relation to the more abundant isotope (Ding et al., 2005). For 
example, δ30Si describes the relative abundance of 30Si in relation to 28Si, which can be 
calculated as: 
 
1000
/
/
2830
2830
30 









ref
sam
SiSi
SiSi
Si       (1) 
 
Where 
30
Si/
28
Sisam is the Si-isotope composition (expressed in per mil or ‰) of the 
sample, and 
30
Si/
28
Siref is the Si isotope composition of a known standard or reference 
material. At present, the most commonly used reference material is NBS28 (Ding et al., 
2005).  This is a sample of quartz sand distributed by the National institute of Standards 
and Technology (NIST), and has been accepted as an international reference material of 
oxygen isotopes for silicates and Si isotopes (Ding et al., 2005, Reynolds et al., 2007). 
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Consequently, all published values for δ30Si that appear in the literature are reported 
relative to NBS28. 
 
Values for δ30Si of Si(OH)4 (δ
30
SiDSi) in seawater range from 0.5 to 3.2 ‰ (De La 
Rocha et al., 2000a, Varela et al., 2004, Cardinal et al., 2005, Reynolds et al., 2006, 
Cardinal et al., 2007, Fripiat et al., 2007, Fripiat et al., 2011a, de Souza et al., 2012a); 
whilst δ30Si values for diatom derived BSi (δ30SiBSi) are more negative, and range from -
0.3 to 2.6 ‰ (Varela et al., 2004, Cardinal et al., 2007, Fripiat et al., 2007, Fripiat et al., 
2012). Exceptionally high values for δ30SiDSi in sea surface waters can be found in the 
polar frontal zone of the Southern Ocean, where surface values for δ30SiDSi exceed ~3 
‰, while values for deeper waters in this region range from 1.0 to 1.5 ‰ (Reynolds et 
al., 2006, de Souza et al., 2012a). The high summer surface values for δ30SiDSi (3.2 ‰) 
south of the APFZ in the Southern Ocean are a direct result of surface uptake of 
Si(OH)4 by diatoms that is concomitant with relatively higher concentrations of surface 
Si(OH)4 (3 – 6 μmol L
-1
) (de Souza et al., 2012a). Late summer mixed layers at high 
latitudes in the Southern Ocean therefore represent a considerable inventory of high-
δ30SiDSi Si(OH)4, which has the potential to strongly influence the value of δ
30
SiDSi at 
lower latitudes via physical processes (de Souza et al., 2012a).  
 
During the winter months, deep convection transmits 20-25% of the Si(OH)4 inventory 
in the APFZ to the deep winter mixed layer, where it is entrained in Si-replete sub-
surface waters and as a result, the high δ30SiDSi value of this surface water is attenuated 
to ~2 ‰ (Fripiat et al., 2011a, Fripiat et al., 2011b). This deep winter mixing is the first 
step in the formation of Sub-Antarctic Mode Water (SAMW), which is subducted into 
the ocean interior, and thus, transports high- δ30SiDSi sea water to the subtropical regions 
of the ocean (de Souza et al., 2012a). The isotopic signature of SAMW is conserved in 
the mesopelagic zone until it reaches low latitudes, where a switch in the supply of 
Si(OH)4 in the mesopelagic zone from SAMW to the relatively lighter δ
30
SiDSi source of 
North Pacific deep water results in the isotopic signature becoming lighter with respect 
to 
30
Si (de Souza et al., 2012a). This water is subsequently entrained into the surface 
mixed layer, resulting in relatively low surface δ30SiDSi values at lower latitudes 
compared to the high δ30SiDSi values found in surface waters at higher latitudes.  
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Values of δ30Si for diatom BSi (δ30SiBSi) are significantly more negative than surface 
values of δ30SiDSi due to the preferential removal of 
28
Si over 
29
Si and 
30
Si by diatoms 
from ambient Si(OH)4 in the water column (De La Rocha et al., 1997). In the Southern 
Ocean, there is a latitudinal variation in δ30SiBSi values south of the polar frontal zone, 
where δ30SiBSi values of 1.06 ±0.08 ‰ at the APFZ decrease to δ
30
SiBSi values that are 
~1 ‰ more negative in the Seasonal Ice Zone (SIZ) (Varela et al., 2004, Cardinal et al., 
2007). Although there is a trend in δ30SiDSi towards lighter values between the APFZ 
and the SIZ, the trend for δ30SiBSi is steeper, which could point towards a variation in 
the apparent fractionation factor in diatoms along this transect (Cardinal et al., 2007). 
Cardinal et al. (2007) suggest that either diatoms in Antarctic waters have a variable 
fractionation factor or were fractionating Si isotopes under non-equilibrium conditions, 
and suggested that factors likely to induce changes in the apparent fractionation factor 
could be related to specific Si(OH)4 uptake or dissolution rates. This study highlights 
important gaps in the general knowledge of the marine Si-isotope system, and a 
thorough examination of the mechanisms by which Southern Ocean diatoms take up 
and fractionate Si isotopes is clearly needed. 
 
1.3.1 Fractionation of Si isotopes in Southern Ocean surface waters 
Si isotope fractionation in diatoms follows Rayleigh fractionation kinetics, which can be 
described as the “fractional removal of a trace substance from a larger reservoir” (Criss 
and Criss, 1999). Rayleigh fractionation is constrained by the mass-balance of both 
reservoirs and the fractionation factor (α), which describes the relative rate by which a 
trace substance is removed from a larger reservoir (Criss and Criss, 1999). 
 
Si isotope fractionation in diatoms has been modelled using both closed and open 
steady-state models (Figure 1.4) (De La Rocha et al., 1997, Varela et al., 2004, Cardinal 
et al., 2007). The closed system model is employed when there is no net import or 
export of Si(OH)4 or BSi out of surface waters during the period of biological 
incorporation of Si (Varela et al., 2004). For example, during periods of intense water 
column stratification where mixing across the density interface separates the surface 
mixed layer from deeper waters is at a minimum (Brzezinski et al., 2001). Thus, the 
closed system model can be defined by the following relationships: 
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
 30Si(OH)4  
30Si(OH)4 initial (ln f )    (2) 
 

 30BSiinst 
30Si(OH)4       (3) 
 

 30BSiacc  
30Si(OH)4 initial ( f ln f /1 f )   (4) 
 
Where δ30Si(OH)4 is the isotopic composition of Si(OH)4 in seawater, δ
30
Si(OH)4initial  is 
the initial isotopic composition of Si(OH)4 in seawater prior to biological incorporation 
of Si(OH)4, δ
30
BSiinst and δ
30
BSiacc are the instantaneous BSi product and accumulated 
BSi product (respectively), and f is the fraction of Si(OH)4 remaining in the system after 
BSi formation ([Si(OH)4]/[Si(OH)4initial]).  
 
 
Figure 1.4. Representations of closed steady state model (a), and open steady state model 
(b) describing Si isotope fractionation (Modified from Cardinal et al. 2007). Solid lines 
represent evolution of δ30Si for Si(OH)4 in seawater with increasing f, whilst dashed lines 
represent evolution of δ30Si in BSi with increasing f. The closed system allows for δ30Si 
fractionation in both accumulating BSi (small dashes) and instantaneous BSi (large 
dashes), whilst this does not apply in open steady state models (Cardinal et al., 2007). 
 
Sporadic upwelling events or periods of intermittent mixing however, often occur, 
resulting in the addition or exchange of Si(OH)4 to the system (Varela et al., 2004). 
Thus, an open-system model would be more appropriate to describe the fractionation of 
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Si-isotopes by diatoms in surface waters. The open system steady state model (Cardinal 
et al., 2007) can be readily defined as: 
 

 30Si(OH)4  
30Si(OH)4 initial (1 f )   (5) 
 

 30BSi  30Si(OH)4 initial ( f )    (6) 
 
Both models assume constant values for α (the fractionation factor), also known as the 
enrichment factor (ε), where ε (‰) ≈ (1 – α) ×1000). ε can be derived from both models 
by linear regressions of observed values for δ30Si(OH)4 and δ
30
BSi  for closed and open 
steady-state models (respectively) against f (Varela et al., 2004). Recent estimates for ε 
in the Southern Ocean by calculated by Varela et al. (2004) are either -1.1 ‰ (closed 
system) or -1.9 ‰ (open system). They concede that the actual value likely resides in 
between these two values as a result of the system being intermittent to both open and 
closed states as a result of sporadic mixing events. In addition, recent in-vitro 
experiments suggest α is not constant, but varies as a result of species diversity (Sutton 
et al., 2013). Consequently, concessions need to be made in both models before Si-
isotope fractionation can be accurately determined in the Southern Ocean. 
 
1.3.2 Mechanisms for Si-isotope fractionation in Diatoms 
Initial in-vitro experiments observed values for ε in diatoms were ~1.1 ‰ more negative 
than the δ30Si(OH)4 of the surrounding media. It was found that this value was relatively 
consistent between the three species studied, and exhibited little variation over a 
relatively narrow temperature range (12 – 24oC) (De La Rocha et al., 1997). Since then, 
calls for further in-vitro studies investigating Si-isotope fractionation in diatoms over a 
wider range species and physico-chemical variables have stemmed from observations of 
unusual trends in δ30Si(OH)4 and δ
30
BSi in the Southern Ocean (Varela et al., 2004, 
Cardinal et al., 2007). Sutton et al. (2013) observed significant variations in the Si-
isotope fractionation factor in several species of diatoms. In particular, there was a 
significant variation in ε values between two species of Southern Ocean diatoms 
(Chaetoceros brevis and Fragilariopsis kergulensis).  
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Whilst Sutton et al. (2013) were able to suggest methods into how to integrate this 
species effect into interpretations of δ30Si distribution in both modern and past contexts, 
they were unable to adequately suggest potential intracellular mechanisms by which 
variations in Si-isotope fractionation can occur in diatoms. This is a common theme in a 
number of in-vitro Si-isotope fractionation studies; for example, Milligan et al. (2004) 
speculated that Si-isotope fractionation was limited to the active transport of Si(OH)4 in 
diatoms, rather than during the polymerization of BSi.  Their conclusions were based on 
observations that values for δ30Si varied little during the passive efflux of Si(OH)4 under 
varying pCO2 concentrations. Recent studies imply that active transport of Si(OH)4 
predominantly occurs at relatively low concentrations of Si(OH)4 (0 – 10 μmol L
-1
), and 
switches to diffusive transport above this range(Shrestha and Hildebrand, 2015). As a 
result, biological fractionation of Si-isotopes in the Southern Ocean would decrease 
with increasing Si-concentration; yet, this doesn’t seem to be the case. This highlights a 
lack in the general understanding of how diatoms take up and assimilate Si(OH)4 
(Hildebrand, 2008).  
 
1.4 The Diatom Si-metabolism 
Diatoms are well known for the ornate, species-specific morphology of their frustules. 
The diatom frustule is arranged as two overlapping upper and lower valves, respectively 
termed the epitheca and hypotheca. Separating the valves are the girdle bands or 
cingulum, which can be closed, open or comprised of overlapping pieces (Falciatore and 
Bowler, 2002). Diatoms reproduce asexually to produce two daughter cells by mitosis 
with each daughter cell producing a new hypotheca, a hypo-cingulum and girdle band(s) 
(Figure 1.5). Cell division occurs in distinct phases (termed S, G2, M and G1) with 
much of the processes involved in silicification occurring in the G2 and M phase of 
growth (Brzezinski, 1992, Hildebrand et al., 2007). 
 
Silicon uptake begins shortly after the cell undergoes cytokinesis (S phase). Si(OH)4 is 
taken up from the water column either via active transport across the cell membrane 
against an outward facing concentration gradient into the cytosol (Sullivan, 1976); or 
via diffusive transport when external Si(OH)4 concentrations are high (>30 μmol L
-1
) 
(Thamatrakoln and Hildebrand, 2008, Shrestha and Hildebrand, 2015). Once inside the 
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cell, intracellular Si(OH)4 is bound by as yet unknown organic compounds (termed 
silicon binding components) and maintained at super-saturated concentrations (19~340 
mM) (Azam et al., 1974, Blank and Sullivan, 1979). Polymerization of Si(OH)4 into 
BSi occurs in the silicon deposition vesicle (SDV). Deposition occurs within the SDV 
under slightly acidic conditions, presumably to facilitate the nucleation of silica 
particles, as well as protecting the newly formed frustule against dissolution (Vrieling et 
al., 1999). Once the new frustule is complete, the entire SDV undergoes exocytosis to 
become part of the fresh cell wall (Hildebrand, 2008). 
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Figure 1.5. (Figure adapted from Thamatrakoln and Kustka, 2009) Schematic of the diatom Si-metabolism. Extracellular Si(OH)4 is transported across the 
diatom cell membrane either via active transport (sodium symport) or diffusion (Shrestha and Hildebrand, 2015). Si is then transported via intracellular 
binding components to the Silicon Deposition Vesicle (SDV). Here, formation of the diatom cell frustule occurs (Thamatrakoln and Kustka, 2009). Right – 
(Figure adapted from Kröger and Poulsen) Cartoon of the diatom cell life cycle, SITs form during cytokinesis and expansion of the SDV (G2-M phase) 
following DNA replication (S-phase) (Kröger and Poulsen, 2008). 
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1.4.1 Si-uptake kinetics in Diatoms 
Numerous kinetic studies have shown that Si-uptake in diatoms follows Michaelis-
Menten style saturable kinetics (Martin-Jezequel et al., 2000). Non-saturable kinetics 
however, have been observed to take place after short periods of Si(OH)4 limitation, and 
biphasic uptake kinetics (e.g. surge uptake, presented in Figure 1.6, panel C) over short 
periods have been observed in numerous studies (Sullivan, 1976, Thamatrakoln and 
Hildebrand, 2008). The Michaelis-Menten equation is used to describe the rate of an 
enzymatic reaction as it approaches saturating concentrations of a substrate: 
][
][max
SK
SV
V
m 
       (7) 
 
Where Vmax is the maximum rate of reaction when the substrate [S] is at saturating 
concentrations, V is the rate of reaction and Km is the half saturation constant, or the 
substrate concentration at 0. 5 of Vmax (Dunn, 2005). The Michaelis-Menten equation is 
often used to describe the saturable uptake of Si(OH)4 in diatoms due to its simplicity 
(Sullivan, 1976, Sullivan, 1977, Del Amo and Brzezinski, 1999, Thamatrakoln and 
Hildebrand, 2008). Consequently, for Si(OH)4-uptake studies in this thesis; VSi-max will 
relate to the maximal uptake of Si(OH)4 at saturating concentrations, and KSi will relate 
to the concentration of extra-cellular Si(OH)4 at 0.5 of VSi-max. 
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Figure 1.6. Modes of Si(OH)4 uptake in diatoms (from Thamatrakoln and Hildebrand, 
2008). (A) Uptake is internally controlled; uptake rate, intracellular pools of Si(OH)4 and 
BSi production are all in equilibrium. (B) Intracellular binding components are un-
complexed with respect to Si(OH)4 upon short term starvation in Si(OH)4 free media. (C) 
Surge uptake; replenishment of Si(OH)4 results in diffusion across the cell membrane; 
Silicon transporters in the cell membrane (SIT’s) still mediate Si(OH)4 uptake, so biphasic 
uptake kinetics are observed. (D) Uptake becomes internally controlled upon 
equilibration. (E) Long term starvation results in a reduction in intracellular binding 
components. (F) Cells cannot accommodate surge uptake upon Si(OH)4 replenishment, 
and Michaelis-Menten uptake kinetics are observed (Thamatrakoln and Hildebrand, 
2008). 
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1.4.2 Molecular controls on Si-uptake and BSi polymerization in diatoms 
Despite the identification of proteins involved in diatom bio-silicification (Brzezinski, 
2008); relatively little is known of the biochemical pathways responsible for active Si-
transport within diatoms (Thamatrakoln and Kustka, 2009). Identification of the specific 
components involved in Si(OH)4 uptake initially started with the isolation and 
purification of Si(OH)4 ionophores from the heterotrophic diatom Nitzchia alba 
(Bhattacharyya and Volcani, 1983). These were thought to be dependent on a sodium 
gradient that was maintained across the cell membrane by Na+, K+ -ATPase; similar to 
a sodium symporter (Bhattacharyya and Volcani, 1980, Martin-Jezequel et al., 2000); 
and were later identified using molecular techniques and termed silicon transporters 
(SITs) (Hildebrand et al., 1997). SITs were initially thought to be the predominate 
mechanism by which active silicon transport was facilitated across the cell membrane 
(Thamatrakoln and Hildebrand, 2008); however, recent work suggests SITs play more 
of a regulatory role in Si-uptake, and that their primary role is to sense Si(OH)4 
concentrations are sufficient for the cell to proceed with cell wall formation and division 
(Shrestha and Hildebrand, 2015). At concentrations >30 μmol L-1; Si(OH)4-uptake in 
diatoms is achieved mainly by diffusive processes, whilst at concentrations ≤10 μmol L-
1
, active transport predominates(Shrestha and Hildebrand, 2015). Only 5 SITs have been 
identified thus far, and have been collectively termed SITs 1 through to 5 (Hildebrand et 
al., 1998). While their intracellular location, or when expression of SIT 4 and 5 takes 
place is unknown; Si(OH)4-starvation experiments have shown increased expression of 
SITs 1 and 2 in the plasma membrane, and SIT 3 in intracellular membrane systems 
(such as the endoplasmic reticulum) (Shrestha and Hildebrand, 2015).  
 
Currently, there are several hypotheses as to the mechanism by which Si(OH)4 interacts 
with SITs. One particular model relies on the identification of conserved amino acid 
sequences in trans-membrane region that suggests an outward facing conformation 
facilitates the interaction with extracellular Si(OH)4 (Figure 1.7). Interaction via 
hydrogen bonding with two conserved glutamines induces a conformational change to 
an inward facing direction, resulting in the interaction of the bound Si with two 
additional glutamines, which in turn facilitate the release of Si into the cell cytoplasm 
(Thamatrakoln et al., 2006). An alternate hypothesis suggests that a conserved motif, 
Cys-Met-Leu-Asp (CMLD) found in SITs, acts as a zinc binding site and facilitates the 
binding and transport of Si(OH)4 (Grachev et al., 2005). According to the model, the 
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CMLD complex binds zinc to produce a ternary complex, and acts as a lewis acid to 
facilitate the nucleophillic attack of the Si atom by either a secondary molecule of 
Si(OH)4, or a SIT functional group (Sherbakova et al., 2005). This hypothesis is 
consistent with culture studies, where zinc has been shown to limit diatom growth 
(Anderson et al., 1978), and alter silicon uptake kinetics (De La Rocha et al., 2000b). 
Although the CMLD motif has been identified in SIT sequences from a large range of 
marine diatoms, it was found not to be present in the diatom Thalassiosira pseudonana 
(Armbrust et al., 2004, Grachev et al., 2005). It is possible that no one mechanism may 
be exclusive to all diatoms, and methods of Si-uptake may in fact be species specific. 
 
 
Figure 1.7. Left – Alternating access model for Si-transport (from Hildebrand, 2008). The 
outward facing conformation of the binding site; GXQ, facilitates the interaction with 
extracellular Si(OH)4, which is co-ordinated through hydrogen bonding by two conserved 
glutamines (Q), inducing a conformational change to an inward facing direction 
(Thamatrakoln et al., 2006). Right – CMLD model (from Grachev et al. et al. 2005). The 
functional groups, C, M and D can form a binding site with zinc, mediating Si-capture 
(Sherbakova et al., 2005). 
 
Relatively little is known on the intracellular process governing transport of Si through 
the cell cytoplasm to the SDV, however, it has been speculated that active transport of 
Si through the cell cytoplasm is achieved by macro-pinocytosis (Vrieling et al., 2007). 
Bio-silicification occurs in the SDV, a specialized vesicle bound by a bi-lipid layer 
(called the silicalemma) (Hildebrand, 2008). Whilst it is unclear as to how Si is 
transported across the silicalemma, long chain polyamines and proteins known as 
silaffins that are responsible for the precipitation of BSi highlights its important role in 
the formation of diatom cell frustule (Kröger and Poulsen, 2008). 
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1.4.3 Physico-chemical factors affecting assimilation of Si(OH)4 in diatoms  
The uptake and deposition of Si within diatoms is dependent upon a wide range of 
physico-chemical parameters. Light levels, nutrient limitation and temperature are all 
known to affect diatom growth rates, Si(OH)4 uptake and frustule morphology (Martin-
Jezequel et al., 2000). The parameters that influence Si(OH)4 uptake in diatoms are well 
constrained as result of numerous kinetic studies (Sullivan, 1976, Martin-Jezequel et al., 
2000, Bucciarelli et al., 2010); whilst molecular studies have parameterised the 
components involved in silicon uptake (Hildebrand et al., 1993, Hildebrand et al., 1997, 
Hildebrand et al., 1998, Thamatrakoln et al., 2006, Thamatrakoln and Hildebrand, 2007, 
Thamatrakoln and Hildebrand, 2008). In-vitro studies have mostly focused on the 
effects of Fe on diatom growth and Si(OH)4-uptake as a result of its limiting nature on 
diatom productivity, and its ability to dramatically affect phytoplankton physiology and 
community dynamics in the HNLC regions of the Southern Ocean and Equatorial 
Pacific (Leynaert et al., 2004, Marchetti and Cassar, 2009, Bucciarelli et al., 2010). 
Recent studies on endemic species to Southern Ocean polar waters have found that 
physiological changes in diatoms under Fe-limitation are manifested by variations in 
cell morphology; most notably by decreases in cell size coupled with increases in cell 
wall thickness, density and Si-content. In most cases, these physiological variations are 
concomitant with a relative decrease in cellular nitrogen (N) and carbon content 
(Hoffmann et al., 2007, Hoffmann et al., 2008, Marchetti and Cassar, 2009). 
 
Whilst a number of studies have investigated the effects of Fe-limitation on nutrient 
stoichiometry in diatoms, relatively little is known of the mechanisms governing these 
elemental variations. At present, only a single study has investigated the effects of Fe-
limitation on Si-uptake kinetics in diatoms (Leynaert et al., 2004). While this study gave 
some insight into the mechanisms governing Si-uptake kinetics in diatoms under 
resource limitation, it wasn’t entirely relevant to the Southern Ocean, as it was based on 
a coastal diatom that was adapted to relatively low Si-concentrations. This is a 
particularly important point, as Southern Ocean diatoms are adapted to growing in Si 
concentrations that can be up to 20-30 times that of coastal or shelf-waters (M. Franck 
et al., 2000). In addition, Southern Ocean diatoms are able to cope with significantly 
reduced ambient Fe-concentrations due to their ability to access Fe from organic ligands 
that are inaccessible to coastal phytoplankton (Strzepek et al., 2011). A comprehensive 
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study investigating the physiological effects (with a focus on Si-uptake kinetics) of Fe-
limitation on Southern Ocean diatoms is clearly needed. 
 
1.5 Aims and Approach 
This thesis will provide fresh insights into the effects of Fe-limitation on Southern 
Ocean phytoplankton physiology, with a particular emphasis on Si-uptake kinetics, 
induced variations in cell morphology, and changes in cellular elemental stoichiometry. 
The effects of Fe-limitation on Si-isotope fractionation in diatoms are also investigated. 
This project links processes that occur over a global scale with micro-scale processes in 
marine diatoms. Furthermore, it helps explain the empirical relationship between Fe and 
macronutrients concentrations in the ocean, and how they are related to the 
biogeochemical cycles of both C and Si. 
The Question this study aims to address is: 
How does Southern Ocean diatom physiology change in response to variations in 
Fe-supply, and how does it affect the fractionation of Si-isotopes? 
The main objectives of this study are to: 
(1) Observe the kinetic uptake of Si(OH)4 over a range of Fe-concentrations in 
Southern Ocean diatoms and obtain kinetic parameters for uptake (VSi-max and 
KSi). 
 
(2) Examine the relative variation in Southern Ocean diatom elemental 
stoichiometry and cell morphology over a range of Fe-concentrations. 
 
 
(3) Examine the effects of Fe-limitation on Si-isotope fractionation in diatoms.  
 
Specifically, this work attempts to elucidate the mechanisms driving variations in 
diatom cell morphology, elemental stoichiometry and Si-isotope fractionation as a result 
of Fe-limitation. We investigate 1) The effects of Fe-limitation on the Si(OH)4-uptake 
kinetics of three diatoms, the estuarine/coastal species Thallasiosira pseudonana; and 
the Southern Ocean species Eucampia antarctica and Probocia inermis; 2) The 
variations in cell morphology and elemental stoichiometry in T. pseudonana, E. 
antarctica and P. inermis in response to Fe-stress; (3) examine any potential variations 
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in the Si-isotope fractionation factor under Fe-stress in T. pseudonana, E. antarctica and 
P. inermis; and (4) attempt to use the conclusions derived from these studies to explain 
Si-cycling in a spring bloom off the coast of New Zealand.  
 
1.5.1 Thesis Structure 
The main chapters of this thesis are an in-vitro study of the effects of Fe-limitation on 
the diatom Si-metabolism. In chapters 2 and 3, the effects of Fe-limitation on the cell 
morphology, nutrient stoichiometry and Si-uptake kinetics in the diatoms T. 
pseudonana, E. antarctica and P. inermis are examined. This is the first such study to 
include large centric diatoms from the Antarctic Polar Front. In chapter 4, we observe 
the potential effects Fe-limitation can have on Si-isotope fractionation in diatoms. This 
is the first such study to investigate the potential effect of resource limitation on the 
δ30Si composition in marine diatoms. Chapter 5 is a field study, and attempts to explain 
Si-cycling in a recurring spring bloom off the coast of New Zealand, and puts the 
findings from chapters 2, 3 and 4 into context. 
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2 Variability in silicon uptake kinetics and elemental quotas 
in the coastal diatom Thalassiosira pseudonana in response 
to chronic iron limitation 
 
Meyerink, S.W., Ellwood, M.J., Maher, W.A., Price, G.D and Strzepek, R.
1
 
 
Abstract 
We examined the effects of iron (Fe) availability on cell size, silicic acid (Si(OH)4) 
uptake kinetics and elemental stoichiometry in the centric diatom Thalassiosira 
pseudonana (CSIRO strain CS-20). T. pseudonana decreases its growth rate and 
maximal Si(OH)4 uptake rate (VSi-max) under increasing Fe-stress, whilst the half 
saturation constant (KSi) exhibits little change in response to changing ambient Fe-
concentrations. Despite the observed decrease in VSi-max and growth rate, low ambient 
Fe concentrations had little effect on cell morphology or the cellular Carbon (C), 
Nitrogen (N) or Silicon (Si) content. A comparison with literature data shows that the 
general trend in cellular C, N or Si content in diatoms from previous studies differs 
from T. pseudonana in this study, and likely reflects the lack of phenotypic plasticity of 
this strain in response to Fe-limitation. Furthermore, the fact that we observed no 
variation in cell size, whilst VSi-max decreased, suggests that the current paradigm where 
variations in Si-uptake parameters, particularly VSi-max, are related to variations in cell 
surface area may not be true for all diatoms. Instead, VSi-max exhibits a linear relationship 
with growth rate (r
2
 = 0.93), and suggest an alternate mechanism where VSi-max is 
implicitly related to the cellular growth rate, rather than cell surface to volume ratio. 
Thus the growth rate, rather than the surface to volume ratio should be related to kinetic 
parameters relating to Si(OH)4 uptake in biogeochemical models of planktonic 
ecosystems. 
 
 
                                                 
1
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2.1 Introduction 
Diatoms account for approximately ~40% of the total primary production in the ocean 
and dominate phytoplankton communities in highly productive coastal and nutrient 
replete regions of the ocean (Nelson et al., 1995). Unlike other phytoplankton, diatoms 
have an obligate growth requirement for silicon (Si), and have consequently developed 
an extremely efficient Si uptake and transport mechanism that effectively strips the 
water column of silicic acid (Si(OH)4) (Martin-Jezequel et al., 2000). As a result, 
primary production in certain regions of the ocean is limited due to a lack of Si(OH)4 in 
surface waters, and its availability and distribution in the ocean is a key factor to 
consider when discussing the regulation of diatom growth and how it affects 
biogeochemical cycles in the ocean (Brzezinski et al., 2011). 
 
Elemental uptake ratios (e.g. Si:C and Si:N) in diatoms have a particularly important 
bearing in high-nutrient low chlorophyll (HNLC) waters of the ocean. These are regions 
in the ocean that have relatively low productivity, despite the perennially high nutrient 
concentrations in surface waters (Falkowski et al., 1998). It is now well established that 
the reason for this condition is the lack of bio-available iron (Fe) being transported to 
these areas (Boyd and Ellwood, 2010). Fe is a vital component to the metabolism and 
growth of phytoplankton due to its presence in Fe-sulphur and cytochrome complexes 
that are involved in photosynthesis (Sunda and Huntsman, 2011). Culture and field 
studies on diatoms show that Fe-limitation can induce a decrease in growth rate and a 
subsequent change in cell nutrient stoichiometry (Sunda and Huntsman, 1995, 
Timmermans et al., 2004). This is generally brought on by a reduction in photosynthetic 
efficiency and a resultant change in carbon (C) and nitrogen (N) metabolisms in the cell 
(Claquin et al., 2002)}(Sunda and Huntsman, 2011, Strzepek et al., 2011). It is now well 
established that Fe-limited diatom communities in HNLC regions of the ocean have 
increased Si:N and Si:C ratios relative to Fe-replete communities (Takeda, 1998, 
Hoffmann et al., 2007). In-situ studies have demonstrated that upon alleviation of Fe-
limitation, the Si:C and Si:N ratios in these communities decrease (Takeda, 1998, 
Hutchins and Bruland, 1998). This can have major consequences on marine 
biogeochemical cycles. For example, variations in the Si:C uptake ratio can alter the 
efficiency and strength of marine biological carbon pump; whilst an increase in the Si:N 
uptake ratio can lead to a depletion of surface Si before nitrogen (present in surface 
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waters as nitrate, NO3
-
), driving the system towards Si-limitation (Brzezinski et al., 
2002, Franck et al., 2003). 
Not all diatoms however, respond to Fe-limitation in the same way, and the magnitude 
of variability in cellular Si:N and Si:C ratios between Fe-replete and Fe-limited diatoms 
shows a 0 to 6.5 fold variation between species (Marchetti and Cassar, 2009).  In most 
cases, the increase in Si:N and Si:C ratios in diatoms has been attributed mainly to an 
increase in cell Si content and an associated decrease in cellular C and N content 
(Takeda, 1998, Timmermans et al., 2004). More recent studies show that Si:N and Si:C 
ratios in the Southern Ocean diatom Chaetoceros dichaeta and clones of 
Pseudonitzschia were driven mainly by variations in the C and N content, and not by 
variations in the biogenic silica (BSi) content (Marchetti and Harrison, 2007, Hoffmann 
et al., 2007). There are several reasons why there are discrepancies in the causal element 
influencing the variation in Si:N and Si:C ratios across different studies. These include 
variations in implemented methodology across studies, shifts in diatom species 
composition and differences in growth conditions. The observed outcome that Si:N and 
Si:C ratios increase in Fe-limited diatoms is however, generally consistent across all 
studies (Marchetti and Cassar, 2009). Still, in order to better quantify biogeochemical 
fluxes of C, Si and N in the ocean, a better understanding of the physiological 
mechanisms controlling cellular nutrient stoichiometry in diatoms is required. 
 
Kinetic based uptake experiments provide some of the most useful insights into 
understanding the co-limiting behaviour of Fe and Si supply on the physiological 
aspects of diatoms. Yet, few studies have been undertaken, and some of the more 
detailed studies have focused mainly on pennate diatoms (e.g. C.fusiformis) (Leynaert et 
al., 2004), as opposed to centric diatoms. The reasoning behind this is that pennate 
diatoms appear to dominate phytoplankton communities in a majority of in-situ and in-
vitro iron-addition experiments (Boyd et al., 2000, Hutchins et al., 2001, Marchetti et 
al., 2006). Yet, there are a few exceptions; studies in the North Pacific Ocean revealed 
that upon alleviation of iron limitation, standing stocks of the centric diatom 
Chaetoceros debilis became the most dominant species, accounting for 90% of the total 
phytoplankton standing stock (>20 μm) (Tsuda et al., 2003). More recently, Salter et al. 
(2012) found that carbon export of a naturally Fe-fertilized area near the Crozet Islands 
plateau was tightly correlated with the resting spore flux of the centric diatom Eucampia 
antarctica. These studies emphasise the broader role diatom ecology and diversity 
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plays, and the need for a species specific approach to better conceptualize the role 
diatoms play in phytoplankton communities in the wider ocean (Salter et al., 2012). 
 
In this study, we examined the Si(OH)4 uptake kinetics and nutrient stoichiometry of T. 
pseudonana grown under a wide range of Fe-concentrations. T. pseudonana (Figure 
2.3) was selected because it belongs to a genus that is widely distributed throughout the 
world’s oceans, and is a model species for the study of diatom physiology (Sunda and 
Huntsman, 1995).  It was also the first diatom to have its genome sequenced, due to its 
relatively small genome of 34 mega base pairs (Armbrust et al., 2004). Kinetic uptake 
experiments involving other limiting factors have been performed using T. pseudonana 
for a number of years now. These have involved Si(OH)4, light and pH (Paasche, 1973a, 
Nelson et al., 1976, Del Amo and Brzezinski, 1999). Fe has also been studied, however, 
these results have not been published, and any mentions of Fe and its effects on Si(OH)4 
uptake in T. pseudonana have been anecdotal in nature (See Leynaert et al. 2004 and 
references there in). Here, we ascertain the range of Fe and Si concentrations that co-
limit growth in T. pseudonana, and study the effects of Fe limitation on cell size and 
cellular C, N and BSi content. We also investigate the effects of Fe-limitation on 
Si(OH)4 uptake kinetics by running several kinetic based uptake experiments at 
different Fe-concentrations.  
 
2.2 Methods 
 
2.2.1 Preparation of Aquil medium 
Aquil medium was prepared using trace-metal ultra-clean techniques and enriched with 
the following nutrients; 10 μmol L-1 phosphate, 100 μmol L-1 silicate, 300 μmol L-1 
nitrate, 0.55 μg L-1 vitamin B12, 0.5 μg L
-1
 Biotin and 100 μg L-1 thiamin. Basal medium 
and stock solutions were eluted through a column containing Toyopearl AF-chelate-
650M (part number 0019800) ion-exchange resin to remove metal contaminants and 
filter sterilised (0.2 μm) (Price et al., 1988). Trace metal ion concentrations were 
controlled through the addition of a trace-metal ion buffer system, which used 100 μmol 
L
-1
 ethylene-diamine-tetra-acetic-acid (EDTA), as the chelating agent, and consisted of 
100 nmol L
-1
 ZnSO4, 40 nmol L
-1
 CuSO4, 40 nmol L
-1
 CoCl2, 100 nmol L
-1
 MnCl2, 10 
nmol L
-1
 Na2SeO3 and 100 nmol L
-1
 Na2MoO4. Free ion concentrations were calculated 
27 
 
using Visual MINTEQ, giving concentrations (expressed as –log free metal ion 
concentration = pMetal) of, pCu 13.65, pMn 8.35, pZn 10.72 and pCo 11.26 for Aquil 
medium at a temperature of 20
o
C and a pH of 8.1.  
 
2.2.2 Culture conditions  
Cultures of the centric diatom T. pseudonana (Strain CS-20) were obtained from the 
Australian national algae culture collection at CSIRO in Hobart and maintained in f/2 
medium (CSIRO recipe) at 20
o
C under a continuous photon flux density (PFD) of 133 
μE m-2 s-1, before being transferred to Fe-replete Aquil medium, where they were pre-
acclimated until their growth rates remained stable (about 2 – 3 transfers).  All transfers 
were conducted in the mid-exponential phase of growth, using trace-metal clean 
techniques. 
 
2.2.3 Determination of specific growth rate, cell concentration and cell size  
Growth rates were determined from in vivo chlorophyll a fluorescence using a Turner 
Designs model 10-AU Fluorometer.  Specific growth rates of exponentially growing 
cultures were determined from linear regressions of ln in vivo fluorescence vs. time. 
Cell density (cells ml
-1), cell volume (μm3) and cell surface area (μm2) was determined 
using a Coulter Counter Multisizer™ and by microscopy (Haemocytometer – brightline, 
Neubauer improved). Each sample was enumerated a minimum of four times across 
four 1 mm
2
 divisions, resulting in a standard error of less than 5% for all counts. Cell 
Volume and Cell Surface area were evaluated between Fe-treatments using a one-way 
ANOVA (Microsoft Excel Statistical App, 2008) and a Tukey-Kramer post-hoc test was 
applied to mean values from each data set to reveal any significant differences. 
Differences between average values were considered to be significant where p was 
<0.01 (Excel T-test) (Zar, 1996).  
 
2.2.4 Iron Manipulation  
To induce Fe-limitation, cultures were treated with a range of Fe concentrations varying 
from Fe-limiting to Fe-replete: from 30 through to 50, 80, 250 and 500 nmol L
-1
 of total 
[Fe], equating to p[Fe
3+
] values of 20.59, 20.36, 20.16, 19.67 and 19.36, respectively. 
The concentrations were selected to induce different degrees of Fe-limitation as defined 
by the reduction in growth rate from μmax. The cultures were grown in triplicate in 28 
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ml polycarbonate tubes and allowed to acclimate to the new growth conditions for at 
least 3 transfers before being transferred into 1 L of media for silicon uptake 
experiments.  Inorganic Fe-concentrations (Fe′) were calculated according to the 
following equation by Sunda and Huntsman (2003):  
 
𝐹𝑒′ =
[𝐹𝑒𝐸𝐷𝑇𝐴]×𝐾𝑑′
[𝐸𝐷𝑇𝐴∗]
        (1) 
 
Where [FeEDTA] is the sum of Fe-EDTA chelates, [EDTA
*
] is the free EDTA 
concentration consisting of CaEDTA
2-
 and MgEDTA
2-
 chelates, and Kd′ is the 
conditional equilibrium constant in light, calculated for a temperature of 20
o
C, a mean 
irradiance of 133 μE m-2 s-1 and a mean starting pH of 7.98. Fe′ values based on total 
[Fe] concentrations of 500, 250, 80, 50 and 30 nmol L
-1
, equated to 418, 209, 67, 42 and 
25 pmol L
-1
 respectively (Sunda and Huntsman, 2003).  
 
2.2.5 Measurement of culture pH  
Culture pH was measured by observing the change in absorbance of m-cresol purple in 
culture medium at specific wavelengths of 434 nm, 578 nm and 730 nm respectively on 
a Varian Cary 1E UV-visible spectrophotometer with attached temperature controller 
(Clayton and Byrne, 1993, Yao et al., 2007). Measurements were made at 25
o
C and 
corrected for dye-induced changes in the pH. The pH was then adjusted to the culture 
temperature of 20
o
C using CO2SYS™  (http://cdiac.ornl.gov/oceans/co2rprt.html). 
 
2.2.6 Silicon uptake kinetics  
The kinetic uptake of silicic acid (Si(OH)4) by T. pseudonana was determined by 
observing the disappearance of Si(OH)4 in Aquil medium. Acclimated cells were 
transferred to fresh medium in 1 L polycarbonate flasks and grown to their mid-
exponential phase, where they were gently filtered onto a 2 μm 47 mm polycarbonate 
filter. The cells were then gently washed and re-suspended in Si(OH)4-free media, 
where they were left to starve for a minimum of 3 hours to ensure ambient 
concentrations of Si(OH)4 were as low as possible (Sullivan, 1977). Following 
starvation, the Si(OH)4-free culture was distributed across ten acid-clean 50 ml 
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polycarbonate jars, which were subsequently spiked with increasing concentrations of 
silicic acid (0 – 20 μmol L-1). The cells were then left to incubate, with sub-samples 
being taken at 0 and 2 hours. Sub-samples were taken under trace metal clean 
conditions for cell number, and filtrates for Si(OH)4 concentration by pushing the 
cultures through a 0.45 μm syringe filter. Analysis of the filtrate for Si(OH)4 was then 
performed using the molybdynum-blue method (Strickland and Parsons, 1965). Si(OH)4 
concentrations were normalised to cell numbers by taking the average of the cell 
concentrations at 0 hours and 2 hours. A Hanes-Woolf transformation (see Brzezinski et 
al., 2008) was applied to each dataset to examine for statistical outliers. Least-squares 
methods were used to determine a line of best fit, and the residuals to that line were 
calculated for each data point (See Appendix A for residual plots). Individual data 
points with residual values of more than one standard deviation from the mean were 
identified as outliers, and removed from the dataset (Brzezinski et al., 2008). Kinetic 
constants and their associated errors were then calculated by fitting a Michaelis-Menten 
function to the remaining data using iterative non-linear regression with a Marquardt–
Levenberg algorithm in SigmaPlot version 12.0 (Systat Software, San Jose, CA). 
 
2.2.7 POC/PON and BSi Analysis  
Samples for cellular carbon and nitrogen were collected by filtering 25 – 50 ml of cells 
through a pre-combusted 13 mm GF/A filter (merck-millipore), and rinsed with 20 ml 
of nutrient free Aquil. All filter holders and funnels were washed with 10% HCl, rinsed 
with deionized (Milli-Q®) water and then dried before use. Due to the extremely small 
size of the filters, a peristaltic pump was used to pass the samples through the filters. 
The filters were then placed on opened tin capsules in acid-washed polycarbonate petri 
dishes and left to dry in an Oven at 50 
o
C overnight. The filters were then wrapped and 
stored at -80 
o
C. A Sercon-Callisto CF-IRMS stable isotope analysis system was used 
for analysis of total C and N. BSi per cell was determined by the hydrolysis of diatom 
frustules with sodium carbonate (Na2CO3) (Paasche, 1980). Samples were collected by 
filtering 50 – 100 ml of cells through a 25 mm 2 μm polycarbonate filter in triplicate 
from each culture, before rinsing with 20 ml of nutrient free Aquil. The filter was 
immediately placed in a 50 ml polypropylene falcon tube and capped to prevent any 
loss of particulate silicon during storage. All filters were stored at -20 
o
C prior to 
analysis. Hydrolysis of the cell frustules was carried out by adding 18 ml of 0.5% 
Na2CO3 solution to the tubes and heating them to 85 
o
C for 2 hours. When cool, each 
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tube was neutralized with 0.5 M HCl to the turning point of methyl orange (pH 3 – 4), 
before being made up to 25 ml. Analysis of the solution for silicic acid was then 
performed using the molybdynum blue method (Strickland and Parsons, 1965). 
Dissolution using hot Na2CO3 was used as opposed to NaOH or HF methods in order to 
maintain consistency between lab-based experiments and field studies, and to minimize 
any lithogenic interference in field studies (see chapter 5) (Ragueneau and Tréguer, 
1994). cellular C, N and BSi values were evaluated between Fe-treatments using a one-
way ANOVA (Microsoft Excel Statistical App, 2008) and a Tukey-Kramer post-hoc 
test was applied to mean values from each data set to reveal any significant differences. 
Differences between mean values were considered to be significant where p was <0.01 
(Excel T-test) (Zar, 1996).  
 
2.3 Results 
2.3.1 Variation in growth rate and cell size 
The specific growth rate for T.pseudonana was highly dependent on the ambient Fe-
concentration, and followed a Monod saturation function (Figure 2.1, Table. 2.1); 
declining from 1.52 ±0.09 d
-1
 at 0.46 nmol Fe′ L-1 to 0.67 ±0.02 d-1 at 0.02 nmol Fe′ L-1. 
The maximum specific growth rate (μmax) and the half saturation constant for growth 
with respect to iron (KμFe) were determined to be 1.67 ±0.05 d
-1
 and 41 ±4.8 pmol Fe′ L-
1
 respectively. 
 
Cell size measurements and a summary of the size data are presented in Figure 2.2 and 
Table 2.2. Results from Tukey-Kramer post-hoc tests are presented in Appendix A. Size 
measurements indicate no significant variation in cell surface area or cell diameter in 
response to Fe-limitation (ANOVA, p > 0.01). Although mean cell volume decreased 
under extreme Fe-limitation by 10-15% (Fe′ ≤ 42 pmol L-1), this variation was not 
significant (T-test, p > 0.01), particularly in comparison to previous studies, where T. 
pseudonana has exhibited a 2-fold decrease in cell volume under Fe-limitation (Sunda 
and Huntsman, 1995). Consequently, we also observed little variation in the cell surface 
to volume ratio (T-test, p > 0.01) under varying Fe′ concentrations. 
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Figure 2.1. Specific growth rate (μ) of T. pseudonana at different dissolved inorganic Fe 
concentrations (Fe'). 
 
Table 2.1. Summary of growth rates (μ day-1) of T. pseudonana grown in synthetic 
seawater (Aquil) media. Growth rates are mean values ± 1SD, (n=3). 
Fe Treatment Fe' (pmol L
-1
) μ day-1 S.D N μ:μmax  
500 nmol L
-1
 Fe 100 μmol L-1 
EDTA 418 1.52 0.09 5 1 
250 nmol L
-1
 100 μmol L-1 EDTA 209 1.43 0.13 3 0.94 
80 nmol L
-1
 100 μmol L-1 EDTA 67 1.03 0.16 3 0.68 
50 nmol L
-1
 100 μmol L-1 EDTA 42 0.8 0.1 2 0.53 
30 nmol L
-1
 100 μmol L-1 EDTA 25 0.67 0.02 4 0.44 
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Figure 2.2. Variations in cell volume, cell surface area and cell surface to volume (S/V) 
ratio in T. pseudonana as a function of inorganic iron (Fe'). Values are means ±1SD (n ≥ 9) 
  
33 
 
 
 
Figure 2.3. Pictures of T. pseudonana under different Fe concentrations. (a) was T. pseudonana at Fe' = 418 pmol L
-1
; (b) was T. pseudonana at Fe' = 42 
pmol L
-1
 and (c) was T. pseudonana at Fe'= 25 pmol L
-1
. 
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Table 2.2. Summary of Coulter Counter size data for T. pseudonana, all biological 
replicates from each culture were measured in triplicate, sizes are mean values ± 1SD (n ≥ 
9). 
Fe Treatment 
Fe' (pmol 
L
-1
) 
Cell 
diameter 
(μm) 
Cell 
volume 
(μm3) 
Cell 
Surface 
area (μm2) 
Surface 
area-to-
volume 
ratio 
500 nmol L
-1
 Fe 100 
μmol L-1 EDTA 418 
4.43 ±0.04 50.9 ±1.1 64.4 ±1.3 1.27 ±0.002 
250 nmol L
-1
 100 
μmol L-1 EDTA 209 
4.28 ±0.06 46.5 ±1.4 60.26 ±1.2 
1.31 
±0.0004 
80 nmol L
-1
 100 
μmol L-1 EDTA 67 
4.27 ±0.06 46.7 ±0.8 59.8 ±1 1.28 ±0.02 
50 nmol L
-1
 100 
μmol L-1 EDTA 42 
4.14 ±0.09 44.5 ±3.2 56.9 ±1.9 1.28 ±0.06 
30 nmol L
-1
 100 
μmol L-1 EDTA 25 
4.2 ±0.2 44.6 ±1.9 58 ±3.3 1.3 ±0.04 
 
2.3.2 Elemental composition (C, N, Si) 
Cellular nutrient concentrations and major elemental ratios are presented in Figure 2.4. 
A summary of the data is presented in Tables 2.3 and 2.4. Results for the Tukey-Kramer 
post-hoc tests are presented in Appendix A. There were no significant trends in either 
elemental stoichiometry of cellular C, N or BSi with increasing Fe-stress in T. 
pseudonana. Mean cellular C and N values under Fe-replete conditions (Fe' = 418 pmol 
L
-1
) increased by approximately 50% and 30% (respectively) in comparison to mean 
cellular C and N values measured under extreme Fe-limitation (Fe' = 25 pmol L
-1 
) (T-
test, p  <0.01). When these values were normalized to cell volume, there was no 
significant variation between treatments. Similarly, cellular BSi exhibited no significant 
variation between treatments, despite an anomalous increase at Fe' = 42 pmol L
-1
 
relative to other Fe-treatments.  Overall, T. pseudonana exhibited little variation with 
respect to cellular C, N or BSi in response to increasing Fe-stress. Despite the 
anomalously high Si:N and Si:C ratios observed at Fe' = 42 pmol L
-1
; mean C:N, Si:C 
and Si:N ratios of 8.33 ±0.64, 0.08 ±0.01 and 0.68 ±0.10 (respectively) closely resemble 
reported values of 7.3 ±1.2; n=86, 0.11 ±0.04; n=50 and 0.8 ±0.3 n=47 (respectively) 
(Sarthou et al., 2005). 
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Figure 2.4. Variation of Biogenic Silica (BSi), Carbon (C) and Nitrogen (N) content (a) and 
the C:N, Si:C and Si:N ratios (b) relative to Fe' (values are means ±1SD, n ≥ 3). 
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Figure 2.5. Biogenic silica (BSi), Carbon (C) and Nitrogen (N) normalized to cell volume 
and cell surface area verses inorganic iron concentration Fe' (values are means ±1SD, n ≥ 
3). 
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Table 2.3. Summary of results for cellular nutrients for T. pseudonana values are nutrient content per (fmol cell
-1
), per unit of cellular volume (fmol µm
-3
) 
and per unit of cell surface area (fmol µm
-2
) (mean ±1SD, n ≥ 3). 
Fe Treatment Fe' (pmol L
-1
) 
C N Si 
fmol cell
-1
 fmol μm-3 fmol cell-1 fmol μm-3 fmol cell-1 fmol μm-3 fmol μm-2 
500 nmol L
-1
 Fe 100 μmol L-1 
EDTA 
418 1121 ±128 22 ±2.5 124 ±5.7 2.4 ±0.1 81 ±8.7 1.6 ±0.2 1.3 ±0.1 
250 nmol L
-1
 100 μmol L-1 EDTA 209 853 ±41 18 ±0.9 115 ±11 2.5 ±0.2 76 ±5.5 1.6 ±0.1 1.3 ±0.1 
80 nmol L
-1
 100 μmol L-1 EDTA 67 994 ±53 21 ±1.1 113 ±6.1 2.4 ±0.1 74 ±8.3 1.6 ±0.2 1.2 ±0.1 
50 nmol L
-1
 100 μmol L-1 EDTA 42 893 ±22 20 ±0.5 101 ±2.1 2.3 ±0.05 89 ±7.1 2 ±0.2 1.6 ±0.1 
30 nmol L
-1
 100 μmol L-1 EDTA 25 762 ±53 17.1 ±1.2 96 ±5.1 2.1 ±0.1 59 ±11.8 1.3 ±0.3 1 ±0.2 
 
Table 2.4. Summary of results for cellular nutrient stoichiometry for T. pseudonana. Ratios are in mol:mol (mean ±1SD, n ≥ 3). 
Fe Treatment Fe' (pmol L
-1
) Cvol:Nvol Sivol:Cvol Sivol:Nvol 
500 nmol L
-1
 Fe 100 μmol L-1 
EDTA 
418 9 ±1.1 0.07 ±0.02 0.7 ±0.1 
250 nmol L
-1
 100 μmol L-1 EDTA 209 7.42 ±0.4 0.09 ±0.01 0.7 ±0.1 
80 nmol L
-1
 100 μmol L-1 EDTA 67 8.8 ±0.06 0.07 ±0.01 0.7 ±0.1 
50 nmol L
-1
 100 μmol L-1 EDTA 42 8.8 ±0.1 0.1 ±0.005 0.9 ±0.1 
30 nmol L
-1
 100 μmol L-1 EDTA 25 8 ±0.4 0.08 ±0.02 0.6 ±0.1 
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2.3.3 Si(OH)4 uptake kinetics 
The specific Si uptake rate (VSi) plotted as a function of ambient Si(OH)4 concentration 
for 4 different Fe' concentrations; are shown in Figure 2.6. Two out of the four 
experiments were performed in duplicate (209 pmol Fe' L
-1
 and 67 pmol Fe' L
-1
) to 
examine the reproducibility between experiments. The standard errors (S.E.) for the 
determination of VSi-max and KSi of each duplicate were 0.63 ±0.12 fmol Si cell
-1
 hr
-1
 and 
0.10 ± 0.03 μmol L-1 (respectively). KSi exhibits good reproducibility with the S.E. 
between replicates being lower than the average S.E. introduced by the curve fitting 
procedure. Although the S.E. for Vmax exceeded the error introduced by the curve fitting 
procedure, a standard score test reveals that this number is no more than 1.88 standard 
deviations above the curve-fitting error, demonstrating that there is reasonable 
consistency between the experiments. 
 
 
Figure 2.6. Specific silicon uptake rates (V) plotted against Si(OH)4 concentration for four 
different Fe' concentrations. Note duplicate experiments performed at 209 pmol L
-1
 (blue) 
and 67 pmol L
-1
 (grey). 
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Table 2.5. Summary of kinetic parameters for Si(OH)4 uptake in T. pseudonana. Mean values are given as mean ±1SD, n=2; SE stands for Standard Error. 
Fe Treatment 
Fe'  
(pmol L
-1
) 
VSi-max  
(fmol cell
-1
 
hr
-1
) 
SE  
(VSi-max) 
(fmol cell
-1
 
hr
-1
) 
Mean  
(VSi-max) 
(fmol cell
-1
 
hr
-1
) 
SE Rep (fmol 
cell
-1
 hr
-1
) 
KSi (μmol L
-1
) 
SE  
(Km) (μmol L
-
1
) 
Mean  
(Km) (μmol L
-
1
) 
SE Rep (Km) 
(μmol L-1) 
500 nmol L
-1
 Fe 100 μmol 
L
-1
 EDTA 
418 6.54 0.37   0.50 0.17   
250 nmol L
-1
 100 μmol L-1 
EDTA 
209 6.52 0.55 5.97 0.55 0.81 0.35 0.89 0.08 
250 nmol L
-1
 100 μmol L-1 
EDTA 
209 5.42 0.43   0.97 0.29   
80 nmol L
-1
 100 μmol L-1 
EDTA 
67 3.75 0.18 3.04 0.71 0.80 0.18 0.68 0.13 
80 nmol L
-1
 100 μmol L-1 
EDTA 
67 2.33 0.19   0.55 0.25   
30 nmol L
-1
 100 μmol L-1 
EDTA 
25 1.19 0.09   0.85 0.36   
Mean   0.30  0.75  0.26  0.10 
S.D   0.17  0.18  0.08  0.03 
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The kinetic parameters for Si(OH)4 uptake in relation to Fe' are presented in Table 2.5 
and Figure 2.7a. The Michaelis-Menten saturation function provides the best description 
of the dependence of the specific Si(OH)4 uptake rate on ambient Si(OH)4 concentration 
(Leynaert et al., 2004). Large variations in the maximum specific Si uptake rate (VSi-max) 
were observed when compared against ambient Fe' concentrations (Fig 2.7.), where Vmax 
varied from 1.19 ± 0.09 fmol Si cell
-1
 hr
-1
 at 25 pmol Fe' L
-1
 to 6.54 ± 0.37 fmol Si cell
-1
 
hr
-1
 at 418 pmol Fe' L
-1
 (a six-fold increase). The apparent VSi-max (the VSi-max that 
diatoms can reach in non-Si(OH)4 limiting conditions, in a given environment - appVSi-
max) (Leynaert et al., 2004); is set by the Michaelis-Menten term for Fe' uptake: 
 

appVSimax 
VSimax .[Fe']
KFe'  [Fe']
       (2) 
 
By plotting appVSi-max in this way, we were able to determine a ‘true’ value for VSi-max of 
8.99 fmol ±1.5 Si cell
-1
 hr
-1
; a value that is nearly 3.5 fold higher than the reported value 
(2.61 fmol cell
-1
 hr
-1
) by Paasche (1973) for the same species. The KFe determined 
relative to VSi-max (124 ±52 pmol L
-1
) was 2.4 fold higher than the value determined for 
C. fusiformis by Lenyaert et al. (2004). Both T. pseudonana and C. fusiformis exhibit a 
>2.5 fold increase in the value of KFe with respect to VSi-max over the value of KFe with 
respect to growth. There were no distinguishable trends when the half saturation 
constant for Si uptake (KSi) was plotted against Fe' (Figure 2.7b). KSi values remained 
relatively consistent across all Fe' concentrations, with a mean value of 0.75 ±0.18 μmol 
Si(OH)4 L
-1
 (1SD, n=6). Variations in VSi-max cell
-1
 as a result of Fe-limitation in T. 
pseudonana scale with growth rate day
-1
 (r
2
 = 0.93, SE of estimate = ±0.67 fmol cell
-1
 
hr
-1
) (Figure 2.8a). A similar relationship can be observed in a previous study for the 
pennate diatom C. fusiformis (r
2
 = 0.74, SE of estimate = ±0.01) (Figure 2.8b) (Leynaert 
et al., 2004); yet, whilst the authors in this study recognised that reductions in VSi-max 
were equally matched with reductions in cellular growth rate, they did not provide any 
evidence to support this claim. 
  
41 
 
 
 
Figure 2.7. (a)  Maximum specific Si(OH)4 uptake rate (VSi-max) variations as a function of 
inorganic iron concentration (Fe') calculated kintetic constants (appVSi-max, KFe') are 
presented in fmol Si cell
-1
 ±1SE and pmol L
-1
 ±1SE. (b) Half saturation constant (KSi) 
plotted as a function of inorganic iron (Fe'), Mean value =0.75 ±0.18 µmol L
-1
 (±1SD). 
Individual values are ±1SE. 
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Figure 2.8. (a) Maximum specific Si(OH)4 uptake rate (VSi-max) variations as a function of 
specific growth rate day
-1
 (μ) for T. pseudonana (r2 = 0.93, SE of estimate = ±0.67 fmol cell-
1
 hr
-1
). (b) VSi-max as a function of μ for C. fusiformis (r
2
 = 0.74, SE of estimate = ±0.01) 
(modified from Leynaert et al. 2004). VSi-max has units of hr
-1
 due to the method employed 
(
32
Si uptake) to monitor VSi (See Leynaert et al. 2004 and references there in) (Leynaert et 
al., 2004). Individual values are ±1SE for both plots. 
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2.4 Discussion 
2.4.1 Response in cellular growth rate to Fe-stress 
The maximum specific growth rate (μmax) for diatoms grown in culture under 
saturating light and nutrient conditions have been reported extensively in the literature 
and vary from 0.2 to 3.3 d
-1
, with an average value of 1.5 ± 0.8 d
-1
 (n = 67) (Sarthou et 
al., 2005). The μmax reported for T. pseudonana in this study is relatively lower than 
values reported for the same species by Sunda and Huntsman (1995) in their Fe-
limitation study (μmax = 1.94 ± 0.03 d-1), and the Si-imitation study by Olsen and 
Paasche (1986) (μmax = 2.66 – 2.89 d-1) (Sunda and Huntsman, 1995, Olsen and 
Paasche, 1986). The reason for this variation between studies is as yet, unknown. 
However it likely reflects phenotypic differences between different strains of T. 
pseudonana. Presently, there are few studies that have investigated physiological 
differences between diatom phenotypes, however differences in growth rate have been 
observed between open ocean and coastal isolates of the cosmopolitan diatom 
Pseudonzitzchia sp. under Fe-replete conditions (Marchetti et al., 2006), while 
metabolic differences exist between northern and southern phenotypes of the centric 
diatom Chaetoceros socialis (Huseby et al., 2012). T. pseudonana has a relatively 
cosmopolitan distribution globally, so it comes as no surprise that there are 
physiological differences in various strains of T. pseudonana in this, and previous 
studies (Paasche, 1973a, Sunda and Huntsman, 1995). KμFe values have also been 
reported extensively in the literature, with values ranging by several orders of 
magnitude between species (0.94 × 10
-6
 to 0.43 nmol Fe′ L-1) (Timmermans et al., 2001, 
Leynaert et al., 2004). Despite such large inter-specific variations in KμFe, the result 
presented here is similar to the result previously reported for T.pseudonana (65 ± 4 
pmol Fe′  L-1) (Sunda and Huntsman, 1995). Although a relative decrease of 24 pmol 
Fe′  L-1 is observed compared to the Sunda and Huntsman value, it is likely to be a 
result of μmax being achieved more quickly relative to the other strains of the same 
species.  
 
A primary adaptation of diatoms in response to Fe-stress is a reduction in growth rate 
and a variation in the cell size (Sunda and Huntsman, 1995, Strzepek et al., 2011). 
Values for KμFe and μmax reported here agree well with values in the literature, and we 
noted a 2-fold decrease in μmax with increasing iron stress. Consequently, the relative 
degree of iron limitation (μ:μmax, where μmax is the maximum iron-sufficient growth 
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rate) decreased from 0.91 to 0.40 (Sunda and Huntsman, 2011). Values for μmax and 
KμFe can vary between diatom species by an order of magnitude depending on the 
acclimation capabilities of the organisms (Brand et al., 1983, Sarthou et al., 2005). In 
general, the large variation in size between species has been recognised as the dominant 
factor controlling the inter-specific variability of μmax, with the smallest cells having 
the highest growth rates (Raven and Kübler, 2002). This implies that small cells have a 
distinct catalytic advantage over large ones, and should out-compete them where 
nutrient concentrations are relativily high (Raven, 1986).  
 
2.4.2 Variations in cell morphology in response to Fe-stress 
We observed no significant variation in cell volume/surface area with increasing Fe-
stress (p>0.01). Whilst arguments could be made that T. pseudonana decreased its mean 
cell volume and surface area by 10-15% under extreme Fe-limitation (Fe′ = 42 and 25 
pmol L
-1
 ) at a confidence level of p<0.05, this result would still not be significant in 
contrast to other studies, where diatoms in culture have been observed to reduce their 
cell volume by as much as 50% in response to Fe-limitation (Sunda and Huntsman, 
1995, Marchetti and Cassar, 2009, Sunda and Huntsman, 2011). Previous studies on T. 
pseudonana report up to a 2-fold decrease in cell volume in response to Fe-limitation 
(Sunda and Huntsman, 1995); whilst Leynaert et al. (2004) report up to a 3-fold 
decrease in C. fusiformis. Marchetti and Harrison (2007) also report decreases in cell 
volume in both coastal and oceanic isolates of the cosmopolitan diatom genus, 
Psuedonitzchia. The relatively small variation in cell size in response to Fe-limitation 
that we saw likely reflects the low morphological plasticty in response to Fe-limitation 
in this particular strain of T. pseudonana. 
 
The general consensus is that Fe-limited diatoms vary their size in order to increase 
their surface area relative to their internal volume in order to maximize their nutrient 
uptake efficiency (Marchetti and Cassar, 2009). In centric diatoms, the reduced growth 
rate under iron limitation causes the cell growth cycle to cease, resulting in an extension 
of the girdle bands and a reduction in the valve diameter (Harrison et al., 1977). This 
allows the cells to decrease their diffusive boundary layer thickness by increasing their 
surface area relative to their internal volume. Consequently they maximize their nutrient 
transporter sites and uptake rates (Marchetti and Cassar, 2009). Increases in cell size 
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have been observed in response to Fe-limitation. For example, Takeda (1998) observed 
a 15% increase in the cell volume of Nitzchia sp. under Fe-limitation. Subsequent 
studies have also noted increases in the cell volume of the Southern Ocean diatoms P. 
inermis and E. Antarctica (Strzepek et al., 2011, Strzepek et al., 2012). 
 
2.4.3 Variations in cell elemental stoichiometry in response to Fe-stress 
On a per cell basis, cellular C, N, and BSi in T .pseudonana exhibits a small decrease 
with increasing Fe-stress, particularly where μ:μmax < 0.5. However, once these figures 
were normalized to cell volume, there was little observable variation, suggesting that 
any changes in cellular C, N, or BSi were directly proportional to changes in the cell 
size. As a result, we observed no significant trends in the major elemental ratios with 
respect to Fe', despite the anomalous value observed for BSi at Fe' = 42 pmol L
-1
 
resulting in the Si:N and Si:C ratios at this Fe' concentration increasing to 0.9 ±0.1 and 
0.10 ±0.005 (respectively) at this inorganic Fe concentration. This result is interesting, 
as variations in the Si:N and Si:C ratios in a majority of diatoms have been observed to 
fluctuate by as much as 6.5 times under Fe-limiting conditions (Marchetti and Harrison, 
2007, Timmermans et al., 2004). While there is little in the way of reported values for 
cellular C and N concentrations in the literature for T. pseudonana, the values presented 
here for cellular BSi are very similar to those previously reported by Paasche (1980) (50 
– 68 fmol cell-1) (Paasche, 1980). 
 
2.4.4 The effects of Fe-limitation on Si(OH)4 uptake kinetics 
Si(OH)4 uptake in diatoms follows Michaelis-Menten style saturation kinetics, which 
can best be described by the following function: 
 

VSi 
VSimax .[Si(OH)4 ]
KSi  [Si(OH)4 ]
       (2) 
 
Where VSi-max is the maximum uptake rate for Si(OH)4, and KSi is the Si(OH)4 
concentration at half VSi-max (Paasche, 1973b). It is now well established that the 
maximal Si(OH)4 uptake rate (VSi-max) in diatoms decreases in response to increasing Fe-
stress (De La Rocha et al., 2000b, M. Franck et al., 2000, Leynaert et al., 2004, 
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Brzezinski et al., 2008, Franck et al., 2003). We found that our value for VSi-max 
(calculated based on the appVSi-max relative to Fe') was nearly three-fold higher than the 
result reported by Paasche (1973). This difference is likely an artefact of the differing 
culture conditions between these two studies, or it could suggest a difference between 
the strains used in both studies (Huseby et al., 2012).  
 
In contrast, little is known on the relationship between Fe' concentration and the value 
of KSi as it is notoriously difficult to calculate with any degree of accuracy. This is 
because in diatoms suited to low ambient Si(OH)4 concentrations, the value of KSi is 
comparable or lower than that of the ambient concentration of Si(OH)4 in the media, 
thus the concentration range does not encompass the calculated value for KSi (Brzezinski 
et al., 2008). In our case, the average ambient concentration of Si(OH)4 in the media for 
the kinetic uptake experiments ranged from 0.25 – 1.41 μmol L-1. These values are 
relatively high compared to our calculated value of KSi and are likely a product of the 
dissolution of diatom cell frustules during the period of starvation prior to the uptake 
experiment (Paasche, 1973b). In contrast, Leynaert et al. (2004) were able to more 
accurately determine KSi with very little error (±0.12 μmol L
-1
)
 
by using a more sensitive 
method for measuring VSi (
32
Si as a proxy for biogenic silica formation), and thus were 
able to report a decrease in value for KSi with increasing Fe-stress. Despite this, our 
result is comparable to that previously reported by Nelson et al. (1976) (0.8 μmol L-1 to 
2.3 μmol L-1), and the high consistency between duplicates (0.10 ± 0.03 μmol L-1) gives 
confidence in the reported value of KSi in this study. 
 
The deposition of new siliceous valves in diatoms between mitosis and daughter cell 
separation suggests a relationship between Si uptake, and the cell growth cycle 
(Brzezinski, 1992, Claquin et al., 2002). Arrest points have been identified at the G1/S 
boundary and the G2/M phase of growth where Si(OH)4 dependencies for growth are at 
their greatest, whilst additional dependencies have been associated with formation of 
other parts of the frustule; for example, the growth of setae (spines) has been typically 
associated to an arrest point in the early G1 phase of growth (Brzezinski, 1992). 
Variations in the length of these arrest points effectively ‘decouple’ the Si metabolism 
in diatoms from C and N metabolisms, and thus, can alter the elemental composition of 
the cell (Claquin et al., 2002). Although we noted a clear linear relationship (r
2
 = 0.93) 
between VSi-max and the specific growth rate in T. pseudonana (Fig. 2.7a); we did not see 
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any significant variation in the cell BSi content. Marchetti and Harrison (2007) also 
noted little change in the BSi content in iron deficient cells of Pseudo-nitzschia, and 
suggested that variations in the surface area of the silica frustules relative to the organic 
constituents of the cell were directly responsible for the change in cellular Si:N and Si:C 
ratios. Although we noted little change in the cell surface area/volume in T. 
pseudonana, it is possible that any subtle morphological changes in the cell wall – for 
example: girdle band extensions, or valve diameter changes; may have been missed by 
the coulter counter sizing process. 
 
A clear linear relationship (R
2
 = 0.74) between growth and VSi-max is also evident in C. 
fusiformis (Figure 2.7b) (Leynaert et al., 2004). It is unclear however, whether this trend 
is also evident for BSi content in the cell. Leynaert et al. (2004) also noted a decrease in 
the cell S/V ratio with increasing Fe-stress in C. fusiformis below an ambient Fe' 
concentration of 20 pmol L
-1
. This was concomitant with decreases in both KSi and VSi-
max, and they were able to conclude that Si-uptake kinetics in diatoms change as a result 
of Fe-induced variations in the cell size. Yet, in this study, we noted little variation 
between cell size or BSi content, so it is difficult to make this assertion. Whilst we can 
determine a relationship between variations in VSi-max and cellular growth rate rather 
than cell size, it is difficult to draw any conclusions on how ambient Fe-concentrations 
could potentially control variations in KSi based on the present information. It is likely 
that variations in Fe-availability may alter intracellular mechanisms controlling KSi, 
such as the expression of Si transporters (SIT’s) in the cell membrane. At present, there 
are 5 known SIT’s, however it is unclear as to what their individual function is, and 
there are currently no studies as to how variations in Fe-availability affects their 
expression at the cellular level (Hildebrand et al., 1997, Thamatrakoln et al., 2006). 
Studies involving ‘omic’ approaches have identified the up-regulation of a common set 
of 84 genes under Fe- and Si-limitation involved in bio-silicification in diatoms, 
particularly those involved in the synthesis of polyamines and siliafines, and associated 
proteins involved in the synthesis of gridle bands (Mock et al., 2008, Durkin et al., 
2012, Nunn et al., 2013). 
 
The advantage of running a series of kinetic uptake experiments in this way is that it 
allows a more accurate determination of Kinetic constants such as VSi-max and KSi, and 
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enables one to observe the variation of KSi in response to another limiting nutrient, in 
this case, Fe. Although it is now well established that VSi-max decreases with increasing 
Fe-stress, it is difficult to conclude if there is any associated variation in KSi from 
previous work. Several studies have reported KSi values under different Fe conditions, 
however few have managed to show any significant change in this parameter in 
response to Fe-limitation (De La Rocha et al., 2000a, M. Franck et al., 2000). The main 
reason for this is lack of sensitivity in the methods used to determine Si(OH)4 uptake, 
coupled with the relatively low KSi values of the diatoms studied. Leynaert et al. 2004 
have produced the only study that reports a decrease in the value of KSi in response to 
Fe-limitation. They suggest diatoms reduce their cell volume and surface area in 
response to Fe-limitation in order to decrease their value for KSi, thus, they are able 
maintain their specific affinity for Si(OH)4 as a result of the induced reduction in VSi-
max. However, we observed no such relationship in T. pseudonana. This suggests that (a) 
T. pseudonana does not vary its value for KSi as a result of its low morphological 
plasticity, or (b) T. pseudonana does vary this value, and it does so via other 
mechanisms which are intracellular in nature. In either case; the current hypothesis 
suggesting that diatoms increasing their surface to volume (S/V) ratio ratios in response 
to Fe-limitation as an acclimation to resource limitation may not apply to all species. 
Thus, caution must be used before one relates S/V ratios to kinetic constants relating to 
Si(OH)4 uptake in biogeochemical models. 
 
2.5 Conclusions 
It is evident that as a coastal species, T. pseudonana (CS-20); lacks the acclimation 
capabilities of other diatoms in response to Fe-limitation. T. pseudonana exhibited little 
variation in either cell morphology or elemental stoichiometry in response to Fe-stress. 
In contrast, other diatoms exhibit up to a 3-fold decrease in cell volume (Leynaert et al., 
2004); whilst Si:N and Si:C ratios can exhibit up to a 6.5-fold increase due to cellular N 
and C content decreasing relative to cellular BSi content (Marchetti and Cassar, 2009). 
The current paradigm that suggests diatoms increase their S/V ratios in response to Fe-
limitation to improve nutrient uptake efficiency may not apply to all species. We did, 
however, show that kinetic parameters relating to Si(OH)4 uptake in diatoms are related 
to changes in cellular growth rate rather than variations in cell morphology (Leynaert et 
al., 2004); and its more likely that diatoms alter their affinity for Si(OH)4 through 
intracellular (possibly biochemical) mechanisms. 
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3 Variability in silicon uptake kinetics and elemental 
stoichiometry in two Antarctic diatoms as a result of 
chronic iron limitation 
 
Meyerink, S.W., Ellwood, M.J., Maher, W.A., Price, G.D, and Strzepek, R.
2
 
 
Abstract 
We studied the effects of iron (Fe) limitation on cellular elemental stoichiometry, silicic 
acid (Si(OH)4) uptake kinetics and cell morphology in the Southern Ocean centric 
diatoms, Eucampia antarctica and Probocia inermis. An increase in Fe-stress resulted 
in reductions in specific growth rate and decreases in cellular Nitrogen (N) and Carbon 
(C) content relative to cellular biogenic silica (BSi) in both species. Both E. Antarctica 
and P. inermis exhibited an increase in cell volume and surface area in response to Fe-
limitation, which resulted in a decrease in the cell-surface to volume uptake ratio in both 
species, whilst normalisation of BSi content to cell surface area suggests these diatoms 
do not become more heavily silicified under Fe-limitation. A series of kinetic Si(OH)4 
uptake experiments were also performed on E. antarctica under different Fe 
concentrations and demonstrate for the first time, the co-limitation domain of a 
Southern Ocean diatom under varying Fe and Si(OH)4 concentrations. This was 
manifested by a decrease in the maximum specific uptake rate of Si(OH)4 (VSi-max) along 
with a decrease in the half saturation constant for Si(OH)4 uptake (KSi) under Fe stress. 
Using data from chapter 2; we show that when normalised to cell surface area, VSi-max in 
both Southern Ocean species and Thalaissiosira pseudonana exhibits a linear 
relationship with cellular growth rate, and is independent of cell morphological 
variations. Results suggest differences in morphological adaptations in Southern Ocean 
diatoms in response to Fe-stress have the potential to affect phytoplankton community 
dynamics and Si(OH)4:NO3
-
 ratios in Southern Ocean waters. As such, interpretations of 
Si:N and Si:C ratios in Southern Ocean diatoms should be considered carefully in terms 
of nutrient export. 
                                                 
2
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3.1 Introduction 
The number of iron (Fe) fertilization experiments that have taken place in the last 20 
years demonstrate that the lack of bio-available Fe in surface waters is the major factor 
limiting primary productivity in high-nutrient low-chlorophyll (HNLC) regions of the 
global ocean (Boyd et al., 2000, Coale et al., 2004, Pollard et al., 2009, Boyd and 
Ellwood, 2010).  The Southern Ocean has been the site of the majority of these 
experiments due to its controlling influence on the carbon (C) cycle and because it is the 
largest HNLC region on the planet (Sarmiento et al., 2010, De Baar et al., 2005). Most 
in-situ Fe-fertilization studies show that diatom production is enhanced following Fe-
addition. The main physiological responses include increases in growth rate, increases 
in the uptake of nutrients and variations in frustule size and morphology (Boyd et al., 
2007). Diatoms have an obligate growth requirement for silicic acid (Si(OH)4), which 
they use as a structural component in their cell wall, or frustule. This requirement for 
Si(OH)4 can often cause diatoms to rapidly deplete surface waters of Si(OH)4, and thus 
limit their own productivity. As a result, diatom blooms are relatively short-lived, and 
bloom events normally follow ‘boom’ and ‘bust’ cycles. Once these blooms terminate, a 
large export event of particulate C and biogenic silica (BSi) to the deep ocean (either as 
aggregates, or packaged in ‘lead balloon’ style fecal pellet’s from grazers) normally 
occurs, where a small percentage of the material ends up in deep sea sediments (Kemp 
et al., 2000). Diatoms are significant contributors to the particulate export flux of 
organic matter to the deep ocean, and estimates suggest that diatoms contribute up to 
35% of new production in the open ocean and 75% in coastal regions (Nelson et al., 
1995, Sarthou et al., 2005, Brzezinski et al., 2015). This highlights the important role 
diatoms play in linking the marine biogeochemical cycles of C and Silicon (Si). 
 
Nowhere is this process more evident than in the Southern Ocean. It is a vital cog in the 
redistribution of nutrients to the wider ocean, and plays an important role in the earth’s 
climate through the regulation of atmospheric CO2 (Sarmiento et al., 2004). As the 
Southern Ocean is the largest HNLC region on the planet, it is characterised by low 
productivity relative to its high surface water concentration of nitrate (NO3
-
) (>25 μmol 
L
-1
). A major bio-geochemical difference that sets the Southern Ocean apart from other 
HNLC regions, is a large northward gradient of decreasing Si(OH)4 concentrations 
across the Antarctic Polar Frontal Zone (APFZ) (Brzezinski et al., 2002, Sarmiento et 
al., 2004, Matsumoto et al., 2014). The presence of this gradient is largely caused by Fe-
limited diatoms in Antarctic waters consuming more Si(OH)4 compared to NO3
-
 on a 
51 
 
molar basis. As surface waters are advected across the APFZ by prevailing westerlies to 
the Sub-Antarctic zone (SAZ), they are rapidly depleted of Si(OH)4 relative to NO3
- 
(Matsumoto et al., 2014). This results in SAZ waters being relatively depleted in 
Si(OH)4 compared to waters south of APFZ, where Si(OH)4 concentrations can be as 
high as 60 μmol L-1. Productive regions south of the APFZ are normally replete with 
respect to Fe due to Fe inputs from the continental shelf and sea ice, with sediments in 
this region dominated by resting spores from diatoms of the genus Chaetoceros, and the 
diatoms Thalassionema nitzschioides and Eucampia Antarctica (Crosta et al., 1997, 
Armand et al., 2008). Consequently, shelf sediments in this region have a relatively 
higher proportion of C relative to Si (Schnack-Schiel et al., 1991). In contrast, Fe-
limited regions (such as the SAZ) and APFZ are generally replete with thicker shelled 
diatoms such as Fragilariopsis kergulensis in surface waters which have elevated Si:N 
ratios (>4:1) (Varela et al., 2004). This is not only because of Fe-limitation, but also as a 
result of adaptations to higher grazing pressure in the ACC (Assmy et al., 2013). This 
region acts as a major sink for Si(OH)4, and can be identified by the high abundance of 
frustules from heavily silicified diatoms such as  F. kergulensis and Thalassiothrix 
Antarctica in underlying sediments (Zielinski and Gersonde, 1997, Armand et al., 
2008). The APFZ is the primary surface water source of Sub-Antarctic Mode water 
(SAMW), which ventilates much of the Southern Hemisphere and North Atlantic 
Ocean, and is the main source of nutrients to the thermocline in these regions 
(Sarmiento et al., 2004). Consequently, any physico-chemical changes in APFZ or SAZ 
can potentially affect diatom physiology, and thus, can have far reaching consequences 
to the wider ocean. 
 
Palaeo-oceanographic data supports a role for Fe-induced changes in macro-nutrient use 
in the Southern Ocean over glacial/interglacial cycles (Sigman and Boyle, 2000, Lamy 
et al., 2014, Martínez-García et al., 2014). Evidence of these processes can be found in 
the large opaline deposits in Southern Ocean Sediments, where variations in opal burial 
as a result of changing diatom productivity coincide with the timing and nature of 
glacial to inter-glacial transitions (Charles et al., 1991). Biogenic opal has good 
potential as a palaeo-productivity proxy due to the role diatoms play in the biological 
pump of CO2, and the abundance of sediments rich in BSi in oceanic regions that play 
an important part in air-sea CO2 exchange (Chase et al., 2003). In order to better 
understand BSi production in the Southern Ocean, there has been a large focus on the 
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accumulation history of opal in the Southern Ocean, and consequently, more studies on 
biological processes governing the Si cycle are being undertaken (Ragueneau et al., 
2000). In particular, effects of Fe-supply on elemental uptake ratios (e.g. Si:C, Si:N) in 
diatoms have a particularly important bearing, as variations in Fe-supply can 
significantly alter C, N and Si metabolisms in diatoms (Sarthou et al., 2005). 
 
It is now well established that Fe-limited diatom communities in the Southern Ocean 
have elevated Si:N and Si:C ratios relative to Fe-replete communities (Takeda, 1998, 
Hoffmann et al., 2007). In particular, recent studies show phytoplankton communities 
both north and south of the APFZ respond differently – both in their community 
composition and nutrient stoichiometry - to Fe-addition (Coale et al., 2004, M. Franck 
et al., 2000). Field studies involving Fe-fertilisation across the APFZ show Fe 
stimulates diatom productivity south of the APFZ, and increases both Si and NO3
-
 
uptake rates, while Si:N uptake ratios decrease (M. Franck et al., 2000, Brzezinski et al., 
2005). In contrast, Fe-addition does little in relation to the Si-cycle north of the APFZ 
because low ambient concentrations of Si(OH)4 limit diatom productivity and thus do 
little to enhance Si-uptake rates (Coale et al., 2004, Leblanc et al., 2005). Community 
composition in these regions in response to Fe-addition display shifts to larger, non-
siliceous cells, or increases in abundances of small pennate diatoms such as the genus 
pseudo-nitzschia (M. Franck et al., 2000, Coale et al., 2004, Moore et al., 2007). 
Microcosm experiments however, show that sustained addition of Fe and Si in the 
region stimulates the growth of larger, more heavily silicified diatoms (Marchetti et al., 
2010). 
 
It is clear that the Si nutritional status plays a major role in how phytoplankton 
communities react to Fe-fertilization, however, attempting to model these effects based 
on future changes in the physico-chemical environment are confounded by the general 
lack of knowledge of how Fe and Si availability affect diatom physiology, and hence, 
community composition (Ragueneau et al., 2000, Marchetti et al., 2010, Boyd et al., 
2010). The influence of Fe on Si uptake kinetics, elemental stoichiometry and cell size 
are therefore essential factors that need to be considered before any attempts can be 
made to model the effects of future climate change on phytoplankton community 
composition in the Southern Ocean. Most in-vitro studies have largely focused on 
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diatoms with the strongest response to artificial Fe-fertilization, and their appearance in 
the sedimentary record; and include diatoms from the genus pseudo-nitzchia (Marchetti 
and Harrison, 2007); the centric diatom Chaetoceros dichaeta (Takeda, 1998, Hoffmann 
et al., 2007), and the heavily silicified, pennate diatom F. kergulensis (Hoffmann et al., 
2007). It should be noted that these are not necessarily indicative of the natural 
population of Southern Ocean diatoms, and to understand the effects of multiple 
stressors on diatom community structure in the Southern Ocean, more in-vitro studies 
need to be undertaken (Boyd et al., 2010). 
 
This study describes, how Fe-limitation affects cell size, nutrient stoichiometry and Si 
uptake kinetics of two large Southern Ocean centric diatoms; namely, Probocia inermis 
and Eucampia Antarctica (Figure 3.2). Both species were isolated from naturally 
occurring phytoplankton populations South of Tasmania at 57
o
S during the CLIVAR 
Research cruise, SR3 section in December of 2001 (Sedwick et al., 2008, Cardinal et 
al., 2005). Both P. inermis and E. antarctica are ubiquitous to Southern Ocean waters, 
and appear in Southern Ocean sediments in the Kerguelen Plateau and coastal margins 
of Antarctica. Their abundance in these regions emphasizes their importance to 
Southern Ocean biogeochemistry and primary production (Armand et al., 2008, Annett 
et al., 2010).  
 
3.2 Methods 
3.2.1 Medium Preparation 
Aquil medium was prepared using ultra-clean techniques and enriched with the 
following nutrients (Price et al., 1988); 10 μmol L-1 phosphate, 100 μmol L-1 silicate, 
300 μMol L-1 nitrate, 0.55 μg L-1 vitamin B12, 0.5 μg L
-1
 Biotin and 100 μg L-1 thiamin. 
Basal medium and stock solutions were eluted through a column containing Toyopearl 
AF-chelate-650M (Tosoh Bioscience) ion-exchange resin to remove metal contaminants 
and filter sterilised (0.2 μm) (Price et al., 1988). Trace metal ion concentrations were 
controlled through the addition of a trace-metal ion buffer system, which used 10 μmol 
L
-1
 ethylene-diamine-tetra-acetic-acid (EDTA), as the chelating agent, and consisted of 
7.91 nmol L
-1
 ZnSO4, 1.98 nmol L
-1
 CuSO4, 5 nm L
-1
 CoCl2, 22.8 nmol L
-1
 MnCl2, 9.96 
nmol L
-1
 Na2SeO3 and 100 nmol L
-1
 Na2MoO4. Free ion concentrations were calculated 
using Visual MINTEQ, giving concentrations (expressed as –log free metal ion 
54 
 
concentration = pMetal) of, pCu 14.07, pMn 8.18, pZn 10.78 and pCo 11.09 for Aquil 
medium at a temperature of 3
o
C and a pH of 8.4. Iron contamination of the basal 
medium was measured using high-resoloution IC-PMS and found to be 0.56 ±0.02 nmol 
L
-1
 (n = 3). 
 
3.2.2 Measurement of culture pH 
Culture pH was measured by observing the change in absorbance of m-cresol purple in 
culture medium at specific wavelengths of 434 nm, 578 nm and 730 nm respectively on 
a Varian Cary 1E UV-visible spectrophotometer with attached temperature controller 
(Clayton and Byrne, 1993, Yao et al., 2007). Measurements were made at 25 
o
C and 
corrected for dye-induced changes in the pH. The pH was then adjusted to the culture 
temperature of 3
oC using CO2SYS™ (http://cdiac.ornl.gov/oceans/co2rprt.html). 
 
3.2.3 Iron Manipulation 
Fe stress was induced in culture through the addition of varying concentrations of Fe 
and competing ligands. Fe-replete media was prepared through the addition of a filter-
sterilized FeEDTA complex (1:1.05) to Aquil containing 10 μmol L-1 EDTA for a final 
concentration (including contamination) of 58.3 nmol L
-1
 of total iron (Fetot). Fe-limited 
media was prepared by adding Fe pre-complexed with the terrestrial siderophore 
desferrioxamine B mesylate (DFB; Sigma Aldridge) to Aquil media containing 10 μmol 
L
-1
 EDTA for a final concentration of 4.4 nmol L
-1
. Varying degrees of Fe-limitation 
was induced in culture by increasing the amount of DFB in culture at concentrations of 
4, 40 and 80 nmol L
-1
. Inorganic iron concentrations (Fe′) are listed in Table 1. Fe′ in 
Fe-replete media were calculated according to Sunda and Huntsman (2003) for a 
temperature of 3
o
C, a mean irradiance of 52 μE m-2 s-1 and a pH of 8.4  
(see chapter 2 methods). The overall conditional dissociation constant (Kd′) was 
calculated according to methods described by Stzrepek et al. (2011) and represents the 
sum of the conditional stability constant in the dark (3.52 × 10
-7
) and the conditional 
photo-dissociation constant (2.17 × 10
-6
) of EDTA at 3
o
C. Values for Khv at 3
o
C were 
kindly supplied by R. Strzepek. Fe′ for FeDFB media was calculated according to the 
equation [Fe′] = [FeDFB] / [L′] × KFe′L
cond
; where KFe′L
cond
 = 10
11.8 
(Maldonado et al., 
2005). In the instance where total Fe exceeded the concentration of DFB bound Fe (Fetot 
= 4.4 nmol L
-1
; DFB = 4 nmol L
-1
), we assumed a 0.1 nmol L
-1
 excess of DFB in the 
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media and a 0.5 nmol L
-1
 excess of total Fe that was available for interaction with 
EDTA.  
 
3.2.4 Culture Conditions 
Stock cultures of the centric diatoms P. inermis and E. antarctica were obtained from 
Dr. R. Strzepek at the Australian National University in Canberra. These were initially 
isolated south of the Antarctic Polar Frontal Zone in December 2001, from the 
Australasian sector, and have since been maintained in Fe-replete Aquil medium at a 
temperature of 3
o
C under a continuous photon flux density of ~10 μE m-2 s-1 (R. 
Strzepek, pers. comm.). Cultures were acclimated to the different iron conditions in 28 
ml polycarbonate vials for a minimum of three transfers (approximately 10 – 12 
generations) at a photon flux density of 45 μE m-2 s-1 (E. antarctica) and 60 μE m
-2
 s
-1
 
(P. inermis), before being transferred to 1 L polycarbonate bottles for experimental 
work. All culture work was done under trace metal clean conditions.  
 
3.2.5 Determination of specific growth rate, cell concentration and cell size 
Growth rates were determined from in-vivo chlorophyll a fluorescence using a Turner 
Designs model 10-AU Fluorometer.  Specific growth rates of exponentially growing 
cultures were determined from linear regressions of ln in-vivo fluorescence vs. time. 
Cell density (cells ml
-1
) and cell size was determined by microscopy (Sedgewick-
Rafter). Each sample was enumerated a minimum of three times and counted over at 
least fifty divisions (S.E between counts < 10.72%) (McAlice, 1971); while a minimum 
of 100 cells were sized from each individual culture (average standard error (S.E) 
between replicates = 7.8%). Cell volume (μm3) and cell surface area (μm2) was 
calculated for each species based on the following geometric approximations: E. 
antarctica (cube) and P. inemris (cylinder) (Strzepek et al., 2011). The apical length 
was determined to be the length of longitudinal axis (not including spines), whilst the 
trans-apical width was determined to be the length of the plane perpendicular to the 
longitudinal axis of the cell (Marchetti and Harrison, 2007). The cell aspect ratio was 
calculated by dividing the valve apical length by the trans-apical width. 
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3.2.6 Si(OH)4 uptake kinetics 
The kinetic uptake of Si(OH)4 by P. inermis and E. antarctica was determined by 
observing the disappearance of silicic acid in Aquil medium (Paasche, 1973b). 
Acclimated cells were grown to their exponential phase in 1000 ml polycarbonate flasks 
and were gently filtered onto a 2 μm, 47 mm polycarbonate filter. The cells were then 
gently washed and re-suspended in Si(OH)4-free media, where they were left to starve 
for a minimum of 24 hours to ensure ambient concentrations of Si(OH)4 were as low as 
possible. Following starvation, the Si(OH)4-free culture was distributed across ten trace 
metal clean 50 ml polycarbonate jars, which were subsequently spiked with increasing 
concentrations of Si(OH)4 (0 – 40 μmol L
-1
). The cells were then left to incubate for 48 
hours, with sub-samples being taken at 0 and 48 hours for cell enumeration and every 
12 hours for Si(OH)4 concentration. Sub-samples were taken under trace metal clean 
conditions by pushing the cultures through a 0.45 μm syringe filter. All uptake work 
involving live cells was done at 3
o
C in order to minimize any potential temperature 
effects on cell physiology. Analysis of the filtrate for Si(OH)4 was then performed using 
the molybdynum-blue method (Strickland and Parsons, 1965). The Si(OH)4 uptake rate 
per hour (VSi fmol cell
-1
 hr
-1
) was calculated for each Si(OH)4 concentration by 
observing the disappearance of Si(OH)4 in each flask, and normalising the rate of 
disappearance to the mean cell concentration taken at 0 and 48 hours incubation time. 
There was some variation in rate of uptake of Si(OH)4 over the course of the 
experiment, either due to the fact that cells rapidly ran out of Si(OH)4 and changed their 
uptake kinetics, or they required a certain period of time to ‘acclimate’ to the new 
conditions (high/low Si). In these cases, the closest linear relationship (r
2
 ≥ 0.95) over at 
least three time-points was used to calculate the uptake rate.  
 
Final uptake rates were plotted against Si(OH)4 concentration, however this failed to 
produce saturation curves that started from zero Si(OH)4 concentration. This was 
because the curves intersected the abscissa at a positive Si(OH)4 concentration (Paasche, 
1973b). As diatoms will not grow on zero Si(OH)4 concentration, Si(OH)4 uptake in P. 
inermis and E. anarctica was better described by the following equation (Paasche, 
1973b): 
 

VSi 
VSimax  (Si(OH)4  Si(OH)4
0
)
KSi  (Si(OH)4  Si(OH)4
0
)
   (1)    
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Where V is the uptake rate of Si(OH)4 in fmol cell
-1
 hr
-1
, Vmax is the maximal uptake of 
silicic acid, Ks is the half saturation constant with respect to Si concentration, Si is the 
concentration of Si(OH)4, and Si(OH)4
0
 is the Si(OH)4 concentration where V = 0. To 
find an accurate value for Si(OH)4
0
, each data set was linearized using a Hanes-Woolf 
transformation, and the Si(OH)4
0
 value was calculated based on where the line 
intersected the x-axis (at VSi = 0). To examine for statistical outliers, least-squares 
methods were used to determine a line of best fit for each linearized dataset, and the 
residuals to that line were calculated for each data point (See Appendix B) (Brzezinski 
et al., 2008). Kinetic constants and their associated errors were then calculated by fitting 
a Michaelis-Menten function to the processed data using iterative non-linear regression 
with a Marquardt–Levenberg algorithm in SigmaPlot version 12.0 (r2 of each fit ≥ 0.85) 
(Systat Software, San Jose, CA).  
 
3.2.7 POC, PON and BSi analysis 
Samples for cellular carbon and nitrogen were collected by filtering 50 ml of cells 
through a pre-combusted 13 mm GF/A filter, and rinsed with 20 ml of nutrient free 
Aquil. All filter holders and funnels were washed with 10% HCl; rinsed with deionized 
(Milli-Q®) and then dried before use. Due to the extremely small size of the filters, a 
peristaltic pump was used to pull the samples through the filters. The filters were then 
placed on opened tin capsules in acid-washed polycarbonate petri dishes and left to dry 
in an Oven at 50
o
C overnight. The filters were then wrapped and stored at -80
o
C. A 
Sercon-Callisto CF-IRMS stable isotope analysis system was used for analysis of total 
carbon and nitrogen.  
 
BSi per cell was determined by the hydrolysis of diatom frustules with sodium 
carbonate (Na2CO3) (Paasche, 1980). Samples were collected by filtering 50 – 100 ml 
of cells through a 25 mm 2 μm polycarbonate filter (in triplicate) from each culture, 
before rinsing with 20 ml of nutrient free Aquil. The filter was immediately placed in a 
50 ml polypropylene falcon tube and capped to prevent any loss of particulate Si during 
storage. All filters were stored at -20
o
C prior to analysis. Hydrolysis of the cell frustules 
was carried out by adding 18 ml of 0.5% Na2CO3 solution to the tubes and heating them 
to 85
o
C for 2 hours. When cool, each tube was neutralized with 0.5 M HCl to the 
turning point of methyl orange (pH 3 – 4), before being made up to 25 ml. Analysis of 
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the solution for Si(OH)4 was then performed using the molybdynum blue method 
(Strickland and Parsons, 1965). Differences between mean values were considered to be 
significant where p was <0.01 (Excel T-test) (Zar, 1996). This significance level was 
chosen because Southern Ocean diatoms in previous studies regularly exhibit Fe-
deficient responses at a p < 0.008 confidence level (Marchetti and Harrison, 2007). 
 
3.3 Results 
3.3.1 Effects of Fe-chemistry on specific growth rate and cell size 
 
Figure 3.1. Specific growth rate of P. inermis and E. antarctica at different dissolved 
inorganic iron concentrations (Fe') (All values are means ±1SD, n  ≤ 6). 
 
The specific growth rate of both Southern Ocean diatoms in relation to Fe′ is presented 
in Figure 3.1 and a summery of the results can be found in Tables 3.1 and 3.2. A major 
consequence of Fe-limitation on diatom physiology is by definition a decrease in 
growth rate. The growth of E. antarctica and P. inermis was highly dependent on the 
concentration of Fe′ in the media, with growth rates decreasing up to four-fold at Fe′ 
concentrations of 0.2 pmol L
-1
 and 0.09 pmol L
-1
, respectively. Growth in Southern 
Ocean diatoms follows a Monod saturation function, with maximum specific growth 
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rates (μmax) under saturating light and nutrient conditions ranging from 0.02 – 0.62 d-1 
(Timmermans et al., 2004). Previous studies show that Southern Ocean diatoms attain 
near maximum growth rates in EDTA-buffered media (≥ 0.9 of μmax) (Strzepek et al., 
2011). As such, we assumed diatoms in EDTA-media were growing at or near their 
maximum rates, and their physiological behaviour in the media adequately reflected Fe-
replete conditions. Tables 3.1 and 3.2 compare growth rates measured here to those 
rreported by Strzepek et al. (2011, 2012) under similar Fe′ concentrations. Although the 
value of μmax for E. antarctica compares well with previously reported values by 
Strzepek et al. (2011, 2012), (μ:μmax = 0.89 compared to 2011 study, 0.97 compared to 
2012 study), it displayed significant variation ( μ:μmax = 0.74 compared to 2011 study, 
0.69 compared to 2012 study) for P. inermis when compared to previously reported 
values by Strzepek et al. (2011, 2012). Explanations for this can be found in section 
3.4.1 (Variations in specific growth rate and cell size in response to Fe-stress). 
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Table 3.1. Growth rates (μ) of P. inermis grown in Fe-EDTA and Fe-DFB media. Growth 
rates from studies by Strzepek et al. (2011, 2012) are listed below for comparison. 
Fe Treatment Fe' (pmol L
-1
) μ day-1 S.E n μ:μmax 
      
P.inermis (This study)      
58.3 nmol L
-1 Fe; 10 μmol L-1 EDTA 3369 0.35 0.00 6 1 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 0.16 0.02 3 0.45 
4.4 nmol L
-1 
Fe; 80 nmol L
-1
 DFB 0.09 0.09 0.00 6 0.25 
      
P.inermis (Strzepek et al., 2011)      
58 nmol L
-1 Fe; 10 μmol L-1 EDTA 3450 0.47 0.01 27 1.00 
4.4 nmol L
-1 Fe; 10 μmol L-1 EDTA 258 0.47 0.01 48 1.00 
2.4 nmol L
-1 Fe; 10 μmol L-1 EDTA 140 0.44 0.01 12 0.94 
1.8 nmol L
-1 Fe; 10 μmol L-1 EDTA 106 0.45 0.01 6 0.96 
1.8 nmol L
-1 Fe; 100 μmol L-1 EDTA 10.6 0.44 0.01 6 0.95 
0.8 nmol L
-1 Fe; 10 μmol L-1 EDTA 47.1 0.44 0.03 3 0.90 
4 nmol L
-1 
Fe; 4 nmol L
-1
 DFB 30.1 0.42 0.04 12 0.90 
4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.17 0.42 0.02 12 0.99 
4 nmol L
-1 
Fe; 80 nmol L
-1
 DFB 0.08 0.46 0.01 6 0.61 
4 nmol L
-1 
Fe; 200 nmol L
-1
 DFB 0.03 0.29 0.02 18 0.38 
4 nmol L
-1 
Fe; 400 nmol L
-1
 DFB 0.02 0.18 0.00 3 0.67 
      
P.inermis (Strzepek et al., 2012)      
4.4 nmol L
-1 Fe; 10 μmol L-1 EDTA 277 0.51 0.02 - - 
4 nmol L
-1 
Fe; 200 nmol L
-1
 DFB 0.03 0.31 0.02 - - 
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Table 3.2. Growth rates (µ) of E .antarctica grown in Fe-EDTA and Fe-DFB media. 
Growth rates from studies by Strzepek et al. (2011, 2012) are listed below for comparison. 
Fe Treatment Fe' (pmol L
-1
) μ day-1 S.E N μ:μmax 
      
E.antarctica (This study)      
58.3 nmol L
-1
 10 μmol L-1 EDTA 3369 0.32 0.01 4 1 
4.4 nmol L
-1 
Fe; 4 nmol L
-1
 DFB; 10 
μmol L-1 EDTA 
83 0.16 0.02 3 0.51 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 0.07 0.00 6 0.23 
      
E.antarctica (Strzepek et al., 2011)      
58 nmol L
-1 Fe; 10 μmol L-1 EDTA 3450 0.36 0.01 6 1 
4.4 nmol L
-1 Fe; 10 μmol L-1 EDTA 258 0.34 0.02 8 0.93 
2.4 nmol L
-1 Fe; 10 μmol L-1 EDTA 140 0.36 0.02 3 1 
1.8 nmol L
-1 Fe; 10 μmol L-1 EDTA 106 0.33 0.02 3 0.92 
4 nmol L
-1 
Fe; 4 nmol L
-1
 DFB 30.1 0.23 0.01 9 0.64 
4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.17 0.19 0.01 3 0.54 
      
E.antarctica (Strzepek et al., 2012)      
4.4 nmol L
-1 Fe; 10 μmol L-1 EDTA 277 0.33 0.01 - - 
4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.17 0.2 0.02 - - 
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Cell size variations for E. antarctica and P. inermis in relation to Fe′ concentration are 
presented in Figures 3.2 - 3.4, and a summary of the results can be found in Table 3.3. 
Both E. Antarctica (Figure 3.3) and P. inermis (Figure 3.4) increased their cell volume 
and cell surface area in response to Fe-limiting conditions by increasing both their 
apical lengths (AL) and trans-apical widths (TW) (p < 0.01). Variations in AL and TW 
with growth rate are presented in Figure 3.4, and were not consistent between species. 
Both species exhibited different morphological adaptations to decreasing Fe′ even 
though their growth rates decreased in a similar fashion. For example, in Figure 3.3, E. 
antarctica increased its cell volume 2-fold at Fe′ = 83 pmol L-1 and almost 3-fold at Fe′ 
= 0.2 pmol L
-1
. This variation exhibited a linear relationship with the specific growth 
rate (Figure 3.5) (r
2
 = 0.99, n = 9) and was driven by a uniform linear change in both 
the AL (r
2
 = 0.99) and TW (r
2
 = 0.99) (Figure 3.5), thus similar relationships were 
evident between the specific growth rate and variations in the Surface Area and SA:V 
ratio (r
2
 ≥ 0.99). Consequently, there was no change in the cell aspect ratio (aspect ratio 
= AL/TW) in E. antarctica across all Fe-concentrations, due to the cell AL scaling with 
the TW between Fe-replete and Fe-limiting conditions. In contrast, P. inermis exhibited 
two significantly different morphological adaptations at both Fe-limiting concentrations 
(Figures 3.3 and 3.4). While cell volume and surface area increased under Fe-limiting 
conditions, a plateau was reached where Fe′ = 0.2 pmol L-1 as a result of P. inermis 
increasing its AL (p < 0.01), but not changing its TW significantly (p = 0.04) relative to 
its TW under Fe-replete conditions. At Fe′ = 0.09 pmol L-1, the AL drops and the TW 
increases. Despite a minor increase in cell volume, the surface area between both Fe-
limiting conditions remain similar (p = 0.61). Subsequently the minor variation in the 
cell SA:V ratio is driven mainly by an increase in the AL at 0.2 pmol L
-1 
Fe′  and TW at 
0.09 pmol L
-1 
Fe′. Similarly, variations in the valve aspect ratio are also directly 
proportional to changes in the AL and TW under both Fe-limiting conditions. 
Consequently, E. antarctica exhibits a linear increase in size with decreasing Fe′, while 
P. inermis exhibits a phased morphological change with decreasing Fe′, becoming more 
elongated at Fe′ = 0.2 pmol L-1, and then decreasing its length and increasing its width 
at Fe′ = 0.09 pmol L-1. 
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Figure 3.2. Light microscope images of P. inermis ( a and c) and E. antarctica (b and d) 
under Fe-replete conditions (a and b) and Fe-limiting conditions (c and d). 
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Figure 3.3. Mean cell size parameters for different Feʹ concentrations for E. antarctica. 
Error bars represent the standard error of total cell measurements for each Fe′ value (n ≥ 
300). 
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Figure 3.4. Cell size parameters at different Fe’ concentrations for P. inermis. Error bars 
represent the standard error of total cell measurements for each Fe′ value (n ≥ 300) 
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Figure 3.5. Apical width and trans-apical length variations in response to growth rate in E. 
Antarctica (a) and P. inermis (b). 
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Table 3.3. Summary of cell size variations in response to varying Fe-conditions. All values are means ±1SE, n ≥ 300. 
Fe Treatment Fe' (pmol L
-1
) 
Valve apical 
length (μm) 
Valve 
transapical 
width (μm) 
Cell volume 
(μm3) 
Cell Surface 
area (μm2) 
Surface area-
to-volume 
ratio 
Valve aspect 
ratio 
P. inermis        
58.3 nmol L
-1 Fe; 10 μmol L-1 
EDTA 
3369 118 ± 1.7 15.2 ± 0.09 21976 ± 431 6072 ± 96 0.28 ± 0.002 7.9 ± 0.1 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 181 ± 2.3 15.5 ± 0.1 34677 ± 624 9224 ± 127 0.27 ± 0.002 12 ± 0.2 
4.4 nmol L
-1 
Fe; 80 nmol L
-1
 DFB 0.09 163 ± 2.2 17 ± 0.1 37038 ± 592 9137 ± 117 0.25 ± 0.001 9.8 ± 0.1 
        
E. Antarctica        
58.3 nmol L
-1
 10 μmol L-1 EDTA 3369 56 ± 0.9 15 ± 0.2 12744 ± 380 3766 ± 66 0.32 ± 0.003 4.1 ± 0.09 
4.4 nmol L
-1 
Fe; 4 nmol L
-1
 DFB; 
10 μmol L-1 EDTA 
83 69 ± 1 18 ± 0.3 22335 ± 609 5491 ± 88 0.27 ± 0.003 4.1 ± 0.09 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 77 ± 1.1 20 ± 0.2 30194 ± 715 6800 ± 106 0.24 ± 0.002 4.1 ± 0.07 
68 
 
3.3.2 Nutrient stoichiometry in relation to Fe-chemistry  
Cellular nutrient concentrations and elemental ratios are presented in Figures 3.5 – 3.9 
and summarised in Tables 3.4 and 3.5. Both P. inermis and E .antarctica exhibit 
decreases in cellular C and N in response to Fe-limitation (Figures 3.6 and 3.7). In 
Figure 3.6, E. antarctica exhibits a 2-3 fold decrease in cellular C and N under Fe-
limitation, however, there was no observable variation between these parameters under 
both Fe-limiting conditions on a per-cell basis (ANOVA, p > 0.05). On a per-cell-
volume basis, cellular C and N decreased 4.5-fold at 83 pmol L
-1
 Fe′ and almost 8-fold 
at 0.2 pmol L
-1
 Fe′. A small decrease was observed in cellular C and N between both 
Fe-limiting conditions (T-test, p = 0.01 for N content, p = 0.04 for C content) on a per-
cell-volume basis, however, any variation was non-significant. The relatively uniform 
decrease in cellular C and N in E. antarctica is thus reflected in the C:N ratio, which 
shows little significant variation between Fe-replete and Fe-limiting conditions. 
Variations in cellular C and N in relation to Fe′ were similar in P. inermis, which 
exhibited a 2-fold (per cell) and a 3-fold (per-cell-volume) decrease in cellular C and N. 
In Figure 3.7, both cellular C and N in P. inermis displayed little variation between both 
Fe-limiting conditions on either a per cell, or per cell-volume basis (T-test, p > 0.05). As 
with E. antarctica, the C:N ratio also varied little between Fe-replete and Fe-limiting 
conditions in P. inermis. 
 
Variations in the BSi content between both species in response to Fe-limitation are 
displayed in Figures 3.8 and 3.9, and reflect the decoupling of the diatom Si metabolism 
from C and N metabolisms (Marchetti and Harrison, 2007, Hoffmann et al., 2007, 
Timmermans and Van Der Wagt, 2010). In this sense, both E. antarctica and P. inermis 
responded differently in response to increasing Fe-stress. BSi content per-cell for E. 
antarctica (Figure 3.7) exhibited a non-significant variation in response to Fe-
limitation, with no change (T-test, p > 0.05) exhibited at 83 pmol L
-1
 Fe′ and a 20% 
increase in the mean cellular BSi content exhibited at 0.2 pmol L
-1
 Fe′ (T-test, p = 0.03). 
On a per cell-surface and per cell-volume basis, BSi content decreased by 1.5-fold and 
2-fold respectively (p < 0.01). In Figure 3.9, P. inermis increased its cellular BSi 
content 1.5-fold (p < 0.01) in response to Fe-limitation on a per-cell basis, but exhibited 
little variation in BSi content on a per-cell surface of per-cell volume basis (p > 0.05). 
Subsequently, both species exhibited variations in their cellular Si:C and Si:N ratios in 
response to Fe-limitation, however the causal element driving this change was different 
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between species. Si:C and Si:N ratios in E. antarctica increased 3-fold at 83 pmol L
-1
 
Fe′ and 4-fold at 0.2 pmol L-1 Fe′ on a vol:vol basis and 3-fold at 83 pmol L-1 Fe′ and 5-
fold at 0.2 pmol L
-1
 Fe′ on a sur:vol basis as a result of both C and N content decreasing 
progressivly with decreasing Fe′, while BSi content plateus at 83 pmol L-1 Fe′, and 
remains fixed at 0.2 pmol L
-1
 Fe′. The decrease in BSi content under Fe-limitation in E. 
antarctica thus attenuates the magnitude of variation in Si:C and Si:N ratios.  
 
In contrast, Si:C and Si:N ratios in P. inermis increase 3-fold (vol:vol and sur:vol) as a 
result of a 3-fold decrease in intra-cellular C and N under Fe-limiting conditions whilst 
BSi content on a per-cell volume and per-cell surface changes little between Fe-replete 
and Fe-limiting conditions. Average C:N, Si:C and Si:N values under Fe-replete 
conditions for E. antarctica, and P. inermis can be found in Table 3.5 and closely 
resemble average values for all diatoms of 7.3 (± 1.2, n = 86), 0.11 (± 0.04, n = 47) and 
0.8 (± 0.3, n = 50) (respectively) (Sarthou et al., 2005). Also, we observe that both Si:N 
and Si:C ratios both increase as a result of cellular N content decreasing relative to BSi 
content as a consequence of Fe-limitation. 
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Figure 3.6. Intra-cellular Carbon (C), Nitrogen (N) and Biogenic silicon (BSi) (Top) and 
elemental ratios (Bottom) for E. antarctica, error bars represent standard deviations of 
total measurements for each Feʹ value (±1SD, n ≥ 6). 
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Figure 3.7. Mean intra-cellular C, N and BSi (Top) and elemental ratios (Bottom) for P. 
inermis, error bars represent standard deviations of total measurements for each Fe´ value 
(±1SD, n = 9). 
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Figure 3.8. Mean cellular Biogenic silica (BSi), Carbon (C) and Nitrogen (N) normalised to 
cell volume and cell surface area in relation to inorganic iron concentration (Fe′) for E. 
Antarctica (±1SD, n ≥ 6). 
 
 
73 
 
 
Figure 3.9. Mean cellular BSi, C and N content normalised to cell volume and cell surface 
area in relation to inorganic iron concentration (Fe´) for P. inermis (±1SD, n = 9).   
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Table 3.4. Summary of mean cellular C, N and BSi concentrations for P. inermis and E. Antarctica under varying Feʹ treatments (±1SD, n ≥ 6). 
Fe Treatment Fe' (pmol L
-1
) 
C N Si 
pmol cell
-1
 fmol μm-3  pmol cell-1 fmol μm-3 pmol cell-1 fmol μm-3 fmol μm-2 
P. inermis         
58.3 nmol L
-1 Fe; 10 μmol L-1 
EDTA 
3369 46 ± 3.9 2.1 ± 0.2 7.5 ± 0.6 0.3 ± 0.02 8.4 ± 0.2 0.4 ± 0.008 1.4 ± 0.03 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 28 ± 0.9 0.8 ± 0.02 3.9 ± 0.09 0.1 ± 0.003 13 ± 0.6 0.4 ± 0.02 1.4 ± 0.06 
4.4 nmol L
-1 
Fe; 80 nmol L
-1
 DFB 0.09 26 ± 1.4 0.7 ± 0.04 3.7 ± 0.2 0.1 ± 0.006 12 ± 0.7 0.3 ± 0.02 1.3 ± 0.07 
         
E. Antarctica         
58.3 nmol L
-1
 10 μmol L-1 EDTA 3369 72 ± 5.9 5.6 ± 0.5 9.4 ± 0.8 0.7 ± 0.06 6.4 ± 0.3 0.5 ± 0.03 1.7 ± 0.09 
4.4 nmol L
-1 
Fe; 4 nmol L
-1
 DFB; 
10 μmol L-1 EDTA 
83 28 ± 3.5 1.3 ± 0.2 3.6 ± 0.4 0.2 ± 0.02 5.8 ± 0.4 0.3 ± 0.02 1.1 ± 0.08 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 25 ± 1.9 0.8 ± 0.06 2.9 ± 0.2 0.1 ± 0.008 7.6 ± 0.4 0.3 ± 0.01 1.1 ± 0.06 
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Table 3.5. Summary elemental ratios for P. inermis and E. Antarctica under different Feʹ treatments (mean ±1SD, n ≥ 6) 
Fe Treatment Fe' (pmol L
-1
) 
C:N Si:C Si:N 
Cvol:Nvol Sivol:Cvol Sisur:Cvol Sivol:Nvol Sisur:Nvol 
P.inermis       
58.3 nmol L
-1 Fe; 10 μmol L-1 
EDTA 
3369 6.2 ± 0.06 0.2 ± 0.02 0.7 ± 0.06 1.2 ± 0.09 4.3 ± 0.3 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 7.2 ± 0.1 0.5 ± 0.03 1.8 ± 0.09 3.5 ± 0.2 13 ± 0.6 
4.4 nmol L
-1 
Fe; 80 nmol L
-1
 DFB 0.09 7.1 ± 0.1 0.5 ± 0.03 1.9 ± 0.1 3.4 ± 0.3 14 ± 1 
       
E.antarctica       
58.3 nmol L
-1
 10 μmol L-1 EDTA 3369 7.6 ± 0.09 0.09 ± 0.01 0.3 ± 0.04 0.7 ± 0.08 2.4 ± 0.3 
4.4 nmol L
-1 
Fe; 4 nmol L
-1
 DFB; 
10 μmol L-1 EDTA 
83 7.6 ± 0.1 0.2 ± 0.02 0.9 ± 0.09 1.7 ± 0.2 6.9 ± 0.7 
4.4 nmol L
-1 
Fe; 40 nmol L
-1
 DFB 0.2 8.7 ± 0.1 0.3 ± 0.01 1.4 ± 0.06 2.7 ± 0.2 12 ± 0.7 
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3.3.3 Silicon uptake kinetics 
The specific Si(OH)4 uptake rate (VSi) plotted as a function of Si(OH)4 at different Fe′ 
concentrations is presented in Figure 3.10. Experiments done under Fe-replete 
conditions were performed in duplicate to examine the reproducibility between 
experiments (Table 3.6). The average standard errors for the determination of VSi-max and 
KSi for each replicate were 5.2 ±1.5 fmol Si cell
-1
 hr
-1
 and 2.0 ±0.5 μmol L-1 
(respectively). VSi-max shows good reproductibility for E. antarctica  with the standard 
error between both Fe-replete replicates being lower than the standard error introduced 
by the curve fitting procedure, while VSi-max in P. inermis ranged from 113 ±10 to 157 
±8 fmol cell
-1
 hr
-1
 under Fe-replete conditions. KSi displayed some variability between 
both Fe-replete conditions in E. antarctica and ranged from 10 ±1 to 19 ±5 μmol L-1, 
while values for KSi remained relatively stable in P. inermis, with an average value of 10 
±2 μmol L-1. 
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Figure 3.10. Specific silicon uptake rates (V) plotted against silicic acid concentration for 
different Fe’ concentrations for E. antarctica (Top) and P. inermis (Bottom). Note 
duplicate experiments performed at 3369 pmol L
-1
 for both species. 
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Table 3.6. Summary of mean kinetic parameters for silicon uptake in P. inermis and E. antarctica, errors were determined from the curve fitting procedure 
(±1SE). 
Fe treatment 
[Fe′] 
(pmol L
-1
) 
Vmax 
(fmol cell
-1
 hr
-1
)
*
 
KSi 
(μmol L-1)* 
r
2
 VSi-max/KSi 
P. inermis      
58.3 nmol L
-1 
Fe, 10 μmol L-1 EDTA 3369 157 ± 8 11 ± 2 0.96 14 
  113 ± 10 7.9 ± 2 0.94 14 
4.4 nmol L
-1 
Fe, 
40 nmol L
-1
 DFB, 10 μmol L-1 EDTA 
 
0.2 4.6 ± 0.4 1.9 ± 0.6 0.90 2.4 
E. antarctica      
58.3 nmol L
-1
, 10 μmol L-1 EDTA 3369 84 ± 3 9.7 ± 1 0.99 8.7 
  80 ± 10 19 ± 5 0.96 4.2 
4.4 nmol L
-1 
Fe, 4 nmol L
-1
 DFB, 10 μmol L-1 EDTA 83 46 ± 3 11 ± 2 0.98 4.2 
4.4 nmol L
-1 
Fe, 40 nmol L
-1
 DFB, 10 μmol L-1 EDTA 0.2 21 ± 2 4.6 ± 1 
 
0.85 
 
4.6 
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3.3.4 Kinetic constants for Si(OH)4 uptake and specific affinity for Si(OH)4 
E. antarctica exhibited a decrease in VSi-max in response to Fe-limitation (Figure 3.10. 
Table 3.6). VSi-max in E. antarctica decreased by 1.8-fold at 83 pmol L
-1
 Fe′ and 
exhibited a 4-fold decrease at 0.2 pmol L
-1
 Fe′. We noted a linear relationship between 
VSi-max and growth rate for T. pseudonana and C. fusiformis (see Leynaert et al. 2004) in 
chapter 2 of this thesis. Similarly, E. antarctica also exhibits a linear relationship 
between VSi-max and growth rate (r
2
 = 0.99) (Figure 3.11). Silicon uptake kinetics at Fe-
limiting concentrations in P. inermis were relatively difficult to ascertain due to 
incomplete recovery of intact cells after the filtration step. Increases in VSi with respect 
to Si concentration were barely detectable at 0.2 pmol L
-1
 Fe′. Yet, VSi-max at this Fe-
concentration was relatively well defined, and we observed a 30-fold decrease in VSi-max 
under Fe-limiting conditions relative to Fe-replete conditions. Despite the wide ranging 
value of KSi between both Fe-replete replicates in E. antarctica, KSi decreases 
approximately 2 – 4-fold in response to Fe-limitation, where the value decreased to 4.6 
µmol L
-1 where Feʹ = 0.2 pmol L-1. Kinetic constants for P. inermis are also presented in 
Figure 3.9 and Table 3.6 and exhibit a 5-fold decrease in the value for KSi in response to 
Fe-stress, however, both the value for VSi-max  and KSi at Fe′ = 0.2 pmol L
-1
 for P. inermis 
should be taken with caution, as approximatly 50 – 60 % of the cells appeared broken 
following harvesting, and it is likely that the values obtained at this low Fe′ 
concentration represent only a small portion “viable” cells within the greater cell 
population. 
 
We subsequently calculated the specific affinity for silicic acid (a
0
Si(OH)4) (Table 3.6) 
based on the kinetic constants for Si(OH)4 uptake in both diatoms, in order to determine 
if their specific affinity for Si(OH)4 varied in response to increasing Fe-stress. a
0
Si(OH)4 is 
calculated by determining the slope of the Michaelis-Menten equation, which is 
governed by the relative decrease of VSi-max and KSi (Button, 1998, Leynaert et al., 
2004): 
 

a0Si(OH)4 
VSimax
KSi      (2) 
 
We observed that a
0
Si(OH)4 did not vary significantly between Fe-replete replicates of P. 
inermis (mean ± S.D, 14.00 ± 0.02) or across all Fe-conditions in E. antarctica (5 ± 2). 
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Discrepancies in Fe-replete KSi values of E. antarctica give differing values for a
0
Si(OH)4 
at all Fe-concentrations, which accounts for a majority of the variability for this value, 
however in the absence of the anomalous value, the amended value for a
0
Si(OH)4 shows 
less variability (4.3 ± 0.2) across all Fe-conditions. 
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Figure 3.11. (Top) Maximum specific silicic acid uptake rate (VSi-max) as a function of 
specific growth rate (μ) for E. antarctica. (SE of estimate = 1.86 fmol cell-1 hr-1). (Bottom) 
Half saturation constant (KSi) plotted as a function of Fe’ for E. antarctica. Errors for both 
plots were determined from the curve fitting procedure and are presented as ±1SE. 
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3.4 Discussion 
We present the first detailed examination of the effects of Fe-limitation on two large, 
Southern Ocean centric diatoms, namely, P. inermis and E. antarctica. By investigating 
the way by which these diatoms alter their elemental stoichiometries, and Si(OH)4 
uptake kinetics under Fe-limitation, we attempt to describe the potential physiological 
responses diatoms may have to Fe-addition in the Southern Ocean. 
 
3.4.1 Variations in specific growth rate and cell size in response to Fe-stress 
Cell size increases in diatoms as a result of Fe-limitation were up until recently, 
relatively rare in the literature. Both P. inermis and E. antarctica exhibited an increased 
in their respective cell volumes of 69 and 73% under Fe-limiting conditions (Figures 
3.2-3.5 and Tables 3.3 and 3.4). Whilst increases in cell size as a result of Fe-limitation 
are not common among a majority of in-vitro studies, both P. inermis and E. antarctica 
exhibited reductions in their specific growth rates as one would expect from a diatom 
under increasing Fe-stress (Sarthou et al., 2005). In this study, P. inermis and E. 
antarctica exhibited reductions in growth rate of up to 75 and 77 % (respectively). 
Although Fe-replete growth rates of E. antarctica in this study were similar to previous 
growth rates reported by Strzepek et al. (2011, 2012); Fe-replete growth rates for P. 
inermis were signifcantly lower (0.35 d
-1
 compared to 0.47 – 0.51 d-1), and coincided 
with lower cell volumes that were 2-fold and 1.5 fold lower under Fe-replete and Fe-
limiting conditions (respectively) (Strzepek et al., 2011, Strzepek et al., 2012). Despite 
both diatoms growing under relatively lower photon flux densities (PFD’s) compared to 
previous studies by Strzepek et al. (2011, 2012), PFD levels were still saturating for 
both species, so this can be ruled out as a potential factor (Strzepek et al., 2012). 
Strezepek et al. (2011) report that growth rates varied little in P. inermis between the 
periods of 2001 and 2008, and so, variations in culture conditions that are as yet, 
unidentified may be to blame for the increased reduction in growth rate and cell volume 
under Fe-limiting conditions in P. inermis. However, reported values for average cell 
volumes and Fe-replete growth rates in E. antarctica in this study agree well with 
previously reported values by Strzepek et al. (2011, 2012). It is possible that subtle 
variations in the culture conditions between both studies that are as yet, unidetermined, 
may be to blame behind the dissimilarity in the magnitude of changes in growth and 
size arising from Fe-stress in P. inermis. 
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Most diatoms decrease their cell volumes by up to 50% when grown under Fe-limiting 
conditions in order to increase their Surface Area to Volume (S/V) ratios and maximise 
their nutrient uptake efficiency (Marchetti and Cassar, 2009). So it is unclear as to how 
a strategy where a diatom would decrease its S/V ratio in relation to its surroundings 
facilitates more efficient uptake of dissolved Fe in surface waters. Instead, there is 
strong evidence that Southern Ocean diatoms use an Fe-reductive transport pathway to 
utilise Fe bound to strong ligands (Strzepek et al., 2011), and it is likely that associated 
increases in size may not facilitate greater uptake efficiency of Fe in itself, but could 
either be a stress response or a method for the cell to cope with other co-limiting factors 
such as light or grazing pressure (Smetacek et al., 2004, Strzepek et al., 2012). 
Strezepek et al. (2012) suggest that both E. antarctica and P. inermis use resource 
limitation to maximise light harvesting and overcome the antagnistic iron-light co-
limitation relationship found in temperate phytoplankton by increasing the size, rather 
than number of their photosynthetic units.  
 
Another advantage to growing larger in response to Fe-limitation is that cells are 
inherently more resistant to grazing pressure (Smetacek et al., 2004). This is derived 
from the fact that grazers such as copepods prefer smaller diatoms such as the smaller, 
smooth-walled diatom Pseudo-nitzschia over larger diatoms with spines such as C. 
dichaeta (Smetacek et al., 2002). Its possible that upon Fe-addition, fast growing 
species such as Pseudo-nitzschia are effectively grazed out, while larger, more heavily 
silicified diatoms such as P. inermis, E. antarctica and F. kergulensis are left relatively 
untouched (Smetacek et al., 2002). As Fe becomes more limiting, fast-growers such as 
Pseudo-nitzschia are unable to maintain a viable community, and they sink out (i.e. 
carbon sinkers) or they contibute to C remineralisation in the water column (Marchetti 
et al., 2006) (Brzezinski and Jones, 2015). Larger diatoms such as F. kergulensis and 
the species described here persist, due to an induced variation in cell morphology. For 
example, F. kergulensis becomes more heavily silicified and smaller (Assmy et al., 
2013), while E.antarctica and P.inermis get physically larger. In addition, we observed 
Fe-limited cells of P. inermis had longer spines in comparison to Fe-replete cells in this 
study (Figure 3.12). The increased resistance to grazing in diatoms such as F. 
kergulensis and C. dichaeta not only allows them to persist in the water column, but the 
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increased ballasting from their larger cell walls aids in carbon export to the deep ocean 
(Brzezinski et al., 2015). It is possible that physiological variations in both E. antarctica 
and P.inemris in response to Fe-limitation may have developed as a result of Fe-induced 
variations in the ecosystem. It is therefore highly likely that E. antarctica and P. inermis 
are able to outlive shortlived, faster growing diatoms during the termination phase of 
blooms as a result of these acclimation strategies. 
 
Figure 3.12. Comparison of P. inermis cells under Fe-replete and Fe-limited conditions. 
Cells on the left were cultures under Fe-replete conditions and cells on the right were 
cultured under Fe-limited conditions. Cells grown under Fe-limited conditions had longer 
spines than those grown under Fe-replete conditions. 
 
There is some uncertainty as to the actual mechanism that diatoms use in order to 
change their morphology in response to resourse limitation. Because diatoms have a 
silica exoskeleton, they are somewhat constrained in their ability to change shape 
(Marchetti and Cassar, 2009). It is likely that any morphological changes that do take 
place occur at the point of cell division where a new frustule is formed, or at the point 
where the cell is laying down fresh girdle bands (Kröger and Poulsen, 2008). 
Consequently, morphological variations in diatoms as a result of resource limitation are 
driven mainly by variations in the apical length (AL) or trans-apical width (TW) 
(Marchetti and Harrison, 2007). Marchetti and Harrison (2007) noted that both oceanic 
and coastal isolates of Pseudo-nitzschia decreased their cell volumes by up to 44% (P. 
cf. calliantha) in response to Fe-limitation by decreasing their TW relative to their AL. 
Subsequently, they observed an increase in the valve aspect ratio (AL/TW) under Fe-
limiting conditions. Similar relationships have been observed in Southern Ocean 
diatoms such as F. kergulensis, C. debilis and C. dichaeta which have all been observed 
to reduce their cell volume and surface area in response to Fe-stress and thus, increase 
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their S/V ratios (Timmermans and Van Der Wagt, 2010). While valve aspect ratios in C. 
debilis and C. dichaeta seem to decrease in response to Fe-limitation, F. kergulensis 
seems to retain its shape in response to decreasing Fe. Similarily, the above two 
conditions were observed in this study; P. inermis increased its valve aspect ratio (i.e. 
became more elongated) under Fe-lmitation (Fe′ = 0.2 pmol L-1) (Figure 3.2, Table 3.3), 
whilst the valve aspect ratio in E. antarctica did not change (p > 0.05), instead, E. 
antarctica exhibited a linear increase in cell size with increasing Fe-stress (Figure 3.4, 
Table 3.3). In addition, morphological variations in response to Fe-limitation in 
E.antarctica exhibited a linear relationship with the growth rate (r
2
=0.99), suggesting 
that reductions in the cell growth rate in E. antarctica likely prolonged the G2 and M 
phases of the cell cycle, allowing more time for silica bio-accumulation (Claquin et al., 
2002). 
 
3.4.2 Cellular variations in nutrient stoichiometry in response to Fe-limitation 
Marchetti (2009) reviewed the changes in cellular Si and N compostion in diatoms in 
response to Fe-limitation, and found that of the 16 species under review, only 6 
increased their BSi content in response to Fe-limitation, whilst the remaining species 
increased their Si:N ratios by reducing their cellular N content. Similarily, the observed 
~3-4 fold increase in the cellular Si:N ratios of P.inermis and E.antarctica as a  result of 
Fe-limitation were driven mainly by a ~2-3 fold  reduction in the cellular N content in 
both species rather than an increase in the cellular Si content (Figures 3.4 – 3.8, Tables 
3.4 and 3.5). We also observed a similar relationship in the intracelluler Si:C ratios of 
both species, where the reduction in the Si:C ratio of P. inermis and E. antarctica was 
driven mainly by a ~2-3 fold reduction in cellular C. This highlights the decoupling of 
cellular C and N with respect to Si in response to Fe-limitation, where cellular C and N 
metabolisms are downgraded, relative to cellular Si metabolism (Claquin et al., 2002). 
A decrease in the overall Si:N and Si:C ratios in response to Fe-addition seems to be a 
general phenomonan amongst Southern Ocean diatoms (Timmermans et al., 2004, 
Hoffmann et al., 2008). Timmermans et al. (2004) observed an increase in Si(OH)4 
consumption and a decrease in NO3
- 
consumption under Fe-limitation in three Southern 
Ocean diatoms (Actinocyclus sp., Thalassiosira sp., F. kergulensis). Si(OH)4: NO3
- 
 
consumption ratios varied between species, with the strongest response shown by 
Thalassiosira sp. (6.5-fold). Hoffman et al. (2007) also noted increases of 2.2-fold and 
2.5-fold in the cellular Si:N ratios of the diatoms F. kergulensis and C. dicaeta 
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(respectively), where Si:N ratios in F. kergulensis were observed to increase as a result 
of an increase in cellular BSi content and an associated decrease in cellular N (Marchetti 
and Cassar, 2009). In contrast, variations in the cellular Si:N ratio of C. dicaeta was due 
mainly to a decrease in cellular N, rather than an increase in cellular BSi content.  
 
Diatoms decrease their cellular N and C in response to Fe-limitation through several 
mechanisms. Fe-limitation downgrades N metabolism in diatoms due to its importance 
as a cofactor in the enzymes that control N assimilation, namely nitrate and nitrite 
reductase (Milligan and Harrison, 2000, Allen et al., 2008). Unlike the silicon 
metabolism in diatoms, which is energetically dependent on respiration, N metabolism 
is also inherently linked to photosynthetic processes in the cell (Lewin, 1955, Sullivan, 
1976). Fe-limitation can reduce the efficiency in PSII electron transport, limiting nitrite 
reductase activity and limiting N assimilation(Milligan and Harrison, 2000). Despite a 
weakened N assimilatory system under Fe-limitation, C:N ratios in diatoms vary little 
between Fe-replete and Fe limiting conditions. ‘Omic’ studies show that under Fe-
stress, C metabolisms can also be affected. Southern Ocean diatoms down-regulate 
genes encoding RuBisCO and Carbonic Anydrase, and as a result carbon fixation rates 
per-cell can dramatically decrease (Allen et al., 2008, Nunn et al., 2013). Diatoms 
compensate for these reductions in cellular N and C by up-regulating pathways 
responsible for recycling cellular C and N, which include enzymes involved in protein 
trafficking and the re-distribiution of C and N from protein backbones (Nunn et al., 
2013).  
 
In this regard, this study confirms the asertion by Hoffman et al. (2007) that increases in 
BSi on a per cell basis are not a general phenomenan amongst diatoms. Studies by 
Takeda (1998), Timmermans et al. (2004) and Hoffman et al. (2007) however, lack 
adequete size data, and thus cannot conclusively show that diatom silicification per unit 
of cell surface area increases under Fe-limitation. Diatoms can still decrease their 
cellular Si content under Fe-limitation, but a decrease in cell size could potentially 
compensate for this. Timmermans and van der Wagt (2010) measured Si:N 
stoichiometry in acclimated cultures of F. kergulensis and found that when taking cell 
size into account, Si depletion in the growth media was more pronounced, while N 
depletion remained relatively constant when compared with previous studies 
87 
 
(Timmermans and Van Der Wagt, 2010). Here, we observe no variation in silicification 
in P. inermis under Fe-limitation on a per unit cell surface area basis (ANOVA, p = 
0.63), whilst silicification in E. antarctica on a per unit cell surface area basis decreases 
1.5-fold, as a consequence of increases in cell size (Figure 3.8). Thus, we observe 
significantly different morphological adaptations to Fe-limitaion across different 
species. This highlights the importance of taking into account variations in cell size and 
morphologies before making conclusions on factors driving Si:N variations in diatoms.  
 
Regardless of the morphological adaptations to Fe-limitation in both diatoms, a higher 
Si content on a per cell basis compensates for the increase in cellular size, enabling both 
diatoms to maintain a structurally sound cell wall, and thus, offer better protection 
against predation. At present, few studies have explored the mechanisms by which 
diatoms become more heavily silicified under Fe-limitation. Culture and field studies on 
diatoms show that under Fe-limitation, the specific uptake rate of Si(OH)4 in diatoms 
decreases, whilst BSi per unit cell mass increases (Leynaert et al., 2004). It is likely that 
a lack of nutrition from Fe-limitation increases the length of time the cell remains in the 
G2-M stage of the growth cycle (Claquin et al., 2002). This is thought to increase the 
time required to produce proteins responsible for Si-transport and increases the overall 
amount of Si(OH)4 the diatom takes up (Hutchins and Bruland, 1998, Bucciarelli et al., 
2010). In addition, diatoms have also been observed to up-regulate the production of 
spermine synthase, a key component in the synthesis of polyamines, under Fe-limtiation 
(Nunn et al., 2013). Polyamines are species-specific molecules in diatoms, which are 
responsible for the synthesis of biogenic silica from a Si(OH)4 solution. Different cell 
morphologies can be generated by interactions between polyamines and silica 
precipitating proteins known as silaffins (Kröger et al., 1999). Whilst an increase in the 
production of polyamines may not necessarily lead to an increase in the rate of bio-
silicification in itself, it is likely that variations in the production of polyamines in 
response to Fe-limitation may alter interactions with other long chain polyamines and 
silaffins, and thus alter the morphological characteristics of the cell, for example, 
elongation of the cell frustule or the production of longer spines (Thamatrakoln et al., 
2006, Thamatrakoln and Hildebrand, 2007). 
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3.4.3 The effects of Fe-limitation on silicon uptake kinetics 
Little is known on the effects of Fe-limitation on Si uptake kinetics in diatoms, and at 
present, only one in-vitro study has been completed (Leynaert et al., 2004). This is the 
first study that has run a series of kinetic based silicon uptake experiments over a suite 
of Fe-concentrations on Southern Ocean diatoms. Whilst we were able to observe 
variations in kinetic parmameters relating to Si(OH)4 uptake in E. antarctica in relation 
to low ambient Fe-concentrations, we encountered difficulties in our attempts to 
observe these parameters under low Fe conditions in P. inermis (Figure 3.9). It is likely 
that cells of P. inermis may have lost some of their mechanical stability following Fe-
limitation, and may have disrupted during the filtration process. Recent studies 
however, show that the Southern Ocean centric diatom Cosciodisus wailessi maintains 
mechanical stability under Fe-limitaiton by decreasing the size of pore structures in its 
frustule, and it is possible that P. inermis could potentially overcome a lack of 
mechanical stability due to increased cell size with similar morphological adaptations 
(Wilken et al., 2011). Without any data relating to the mechanical strength of frustules 
in Fe-limited cultures of E.antarctica or P.inermis, it is difficult to make this conlusion. 
It is clear however that cultures of P. inermis were not growing normally, and it is more 
likely that the decreased frustule strength may have been due to inadequete culture 
conditions, thus making measurements at low Fe-concentrations difficult. Despite this, 
there was some agreement between replicates of Fe-replete values for VSi-max and KSi in 
P. inermis, with the VSi-max of both replicates reaching 157 ± 8 fmol cell
-1
 hr
-1
 and 113 ± 
10 fmol cell
-1
 hr
-1
 (respectively), and we are confident that these values adequetly reflect 
values for maximal uptake under Fe-replete conditions for P. inermis. 
 
As with similar studies involving temperate diatoms, we observed a decrease in VSi-max 
and KSi under increasing Fe-limitation in E. antarctica (See chapter 2) (Leynaert et al., 
2004). Similar relationships have been observed in the coastal diatom C. fusiformis, 
which exhibited up to a 6.5-fold decrease in VSi-max and a 4.5-fold decrease in KSi 
(Leynaert et al., 2004). In contrast, VSi-max and KSi decreased by 4-fold and 2-fold in E. 
antarctica (respectively). Methodological differences make it difficult to compare 
values for VSi-max between this study and previous field and culture studies. Comparisons 
of values for VSi-max with those of T. pseudonana due to methodological similarities (see 
chapter 2) show Fe-replete per cell values for VSi-max in T. pseudonana were 13-fold 
smaller than E. antarctica and 23-fold smaller than P. inermis. When we normalise VSi-
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max to cell surface area across all species in Figure 3.13, T. pseudonana has a greater 
capacity for Si(OH)4 uptake over P. inermis and E. antarctica, with VSi-max values under 
Fe-replete conditions 3.5-fold and 4.5-fold greater than VSi-max values of P.inermis and 
E.antarctica (respectively). A  linear relationship between cellular growth rate and the 
VSi-max of all species in Figure 3.13 was observed suggesting that Si(OH)4 uptake in 
diatoms is a growth related process and is therefore independent of variations in cell 
size or morphology (Leynaert et al., 2004). We described in chapters 1 and 2 how 
Si(OH)4 uptake is inherently linked with the cell cycle, where Si(OH)4 uptake is 
believed to be linked to arrest points in the G1/S boundary and G2/M phase of growth 
(Brzezinski, 1992, Claquin et al., 2002). The relative response of VSi-max in P. inermis 
and E. antarctica to growth rate in comparison to VSi-max in T. pseudonana provides 
further evidence for this hypothesis. 
 
 
Figure 3.13. VSi-max normalised to cell surface area in T. pseudonana, E. antarctica and P. 
inermis in relation to growth rate (r
2
 = 0.90, SE of estimate = 0.012 fmol μm-2 hr-1). 
 
Fe-replete values for KSi reported here for P. inermis and E. antarctica compare well 
with KSi values of 4.5 ± 10.6 (>10 μm fraction) of diatom communities in the Kerguelen 
Plateau (Mosseri et al., 2008). Values for KSi were relatively high in both P. inermis and 
E. antarctica compared to smaller coastal diatoms such as T. pseudonana and C. 
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fusiformis (see chapter 2) (Leynaert et al., 2004). This is likely an adaptation to the 
relatively high ambient Si(OH)4 concentrations in the polar waters that these diatoms 
reside in, and suggests that both P. inermis and E. antarctica have a lower affinity to 
Si(OH)4 than coastal isolates that are known to grow in relatively low Si waters.  
 
a
0
Si(OH)4 in E. antarctica did not vary significantly (the average value for a
0
Si(OH)4 was 
5.4 ±2.2 across all inorganic Fe concentrations) and like C. fusiformis, Fe-induced 
reductions in the growth rate indirectly reduced the value of VSi-max, which was matched 
equally with reductions in KSi, maintaining affinity for Si(OH)4 under Fe-limitation, and 
compensating for the decrease in VSi-max.  The actual mechanism by which diatoms 
decrease the value of KSi as a result of reductions in VSi-max is still unknown. Si(OH)4 
uptake in diatoms is performed by a suite of trans-membrane proteins known as silicon 
transporters (or SITs), of which, five have been identified (Hildebrand et al., 1997). 
Three of these (SIT1, SIT2 and SIT3 have been observed to peak during the S phase of 
the cell cycle, prior to where maximal uptake of Si(OH)4 occurs (Thamatrakoln and 
Hildebrand, 2007). It is possible that under Fe-limitation, SITs are differentially 
expressed, increasing the diatoms affinity for Si(OH)4, and decreasing the diatoms KSi 
relative to its VSi-max. This has been observed in a microcosm study in the Pacific Ocean, 
where an increase in the expression of SITs was observed in an Fe-limited diatom 
community (Durkin et al., 2012). Supporting studies show that components involved in 
the synthesis of polyamines and silafins are up-regulated under Fe-limitation (see 
previous section), and it is possible that SIT expression may be up-regulated (Durkin et 
al., 2012, Nunn et al., 2013). It has recently been suggested that SITs only actively play 
a role in Si(OH)4 uptake under low ambient Si(OH)4 concentrations, yet it is more likely 
that their primary role is to ‘sense’ weather external Si(OH)4 concentrations are 
adequate enough for the cell to proceed through the growth cycle (Shrestha and 
Hildebrand, 2015). If this is the case, then a reduction in the cell VSi-max under Fe-
limitation could potentially affect the role SITs play in this process. 
 
A mechanism by which Fe-limitation affects diatom silicification is outlined below. 
Reductions in the value of VSi-max (Figure 3.12) arise in response to Fe-limited induced 
reductions in the cellular growth rate and a consequent elongation of the S phase of the 
cell cycle (Claquin et al., 2002). It is possible, that during this process, differential 
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expression of SITs could potentially decrease the KSi of the cell, compensating for the 
growth induced reduction of VSi-max and the cells affinity for Si(OH)4. The mechanism 
for Si(OH)4 use and bio-silicification is effectively ‘buffered’ during an elongated G2/M 
phase of growth by accumulated concentrations of intracellular Si(OH)4 in the silicon 
deposition vesicle (SDV). Bio-silicification is effectively ‘triggered’ by exocystosis of 
the SDV during mitosis (M phase). During these stages, Fe-limitation likely modifies 
the synthesis of proteins and long chain polyamines, and thus, induces variations in 
diatom cell morphology (Nunn et al., 2013). It is possible that variations in VSi-max likely 
affect the value of KSi indirectly, as ambient Si(OH)4 concentrations that are required to 
saturate the sites where it is processed at the cell membrane are generally lower (Button, 
1998); thus less SITs, or SIT’s with a lower affinity would be needed. However it is 
unclear as to how this mechanism would apply to Southern Ocean diatoms growing 
under saturating Si(OH)4 concentrations, particularly when it has been recently shown 
that diatoms resort to diffusion-based uptake of Si(OH)4 when extracellular Si(OH)4 
concentrations exceed 30 µmol L
-1 
(Shrestha and Hildebrand, 2015). Diffusion based 
uptake across the cell membrane is likely controlled by intracellular concentrations of 
Si(OH)4, however little work has been done on the effects of Fe-availability on 
intracellular pools of Si(OH)4 in diatoms. A clearer understanding on the function of 
SITs, and how they relate to the control of diffusion based uptake of Si(OH)4 in diatoms 
under Fe-limitation is clearly needed. 
 
3.4.4 Implications for Southern Ocean diatom communities 
Diatoms are ubiquitous in Southern Ocean waters, and as a result, the environmental 
controls governing their distribution varies on a regional and seasonal basis (Boyd et al., 
2010). For example, while Fe is recognized as the primary factor limiting primary 
productivity in the HNLSiLC waters of the Sub-Antarctic, it often co-limits with light in 
the winter, Si(OH)4 in the spring and both light and Si(OH)4 in the early fall. In contrast, 
there is little interaction between these factors in polar waters, where Si(OH)4 limitation 
is seldom seen, however light tends to limit in these waters during the winter, while Fe 
limits during the summer (Boyd et al., 2010). Little emphasis has been given to 
selective grazing pressure, and the role it plays in the governing phytoplankton 
community structure (Smetacek et al., 2004).  
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It seems that large, heavily silicified diatoms may play an important role in the 
phytoplankton community by setting the Si:N consumption ratio over longer timescales 
compared to small, cosmopolitan genera such as Chaetoceros and Pseudo-nitzschia 
(Assmy et al., 2007, Assmy et al., 2013). By observing the physiological changes in two 
large, Southern Ocean diatoms, we argue that it is more likely that Fe-addition in the 
Southern Ocean plays a role in shifting the community composition in the short term to 
faster growing, cosmopolitan species of diatoms, rather than altering the Si:N uptake 
ratios of individual diatoms in the short term. However, as ambient concentrations of Fe 
run out, fast growing species are effectively grazed out, whilst slower growing, more 
heavily silicified diatoms persist (Assmy et al., 2013). Southern Ocean diatoms do this 
by becoming more heavily silicified (F. kergulensis), growing longer spines (P. inermis, 
C. diachaeta) or by growing larger (P. inermis, E. antarctica) (Smetacek et al., 2002, 
Assmy et al., 2013). Recent field observations by Brzezinski et al. (2015) in the 
Californian current lend weight to this argument, and demonstrate that Fe-limited 
diatoms were more resistant to grazing pressure due to their thicker siliceous cell walls 
under Fe-limitation (Brzezinski and Jones, 2015). Brzezinski et al. (2015) argue that 
community response to Fe-addition could potentially vary in response to the nutrient 
condition of the region, for example, both community and physiological responses may 
vary between the Southern Ocean and Equatorial Pacific, as has been demonstrated in 
previous studies (Marchetti et al., 2010, Assmy et al., 2013, Brzezinski and Jones, 
2015).  
 
Variations in these morphological adaptions to Fe-limitation in diatoms can potentially 
have far reaching consequences on the Si-cycle. The dominance of smaller, more 
heavily silicified diatoms such as F. kergulensis in blooms could potentially lead to the 
increased export of Si(OH)4 from the surface mixed layer, thus resulting in a reduction 
of  Si(OH)4 in surface waters relative to NO3
- 
(Assmy et al., 2013). In contrast, the 
dominance of larger, more lightly silicified diatoms, such as E. antarctica and P. 
inermis could affect the cycling of Si in surface waters differently. For example, lightly 
silicified diatoms may be more prone to dissolution than heavily silicified diatoms, 
resulting in the remobilisation of Si, N and C in the water column, rather than their 
sequestration (Passow et al., 2011). Furthermore, the appearance of diatoms in the 
sedimentary record may not adequately reflect the diatom community in surface waters, 
and an increased sensitivity to dissolution could potentially be the reason why increased 
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abundances of E. antarctica are seen in the relatively shallower sediments of the 
Kerguelen Plateau and Antarctic Coastal margins, instead of the deep-sea sediments of 
the permanently open ocean zone (Armand et al., 2008). 
 
3.5 Conclusions 
Examination of the effects of Fe-limitation on P. inermis and E. antarctica, show that 
these diatoms use Fe-limitation to increase their size rather than become more heavily 
silicified, like the Southern Ocean diatom F. kergulensis, probably to cope with 
increased grazing pressure (Assmy et al., 2013). Increases in the cellular Si:N and Si:C 
ratios in response to Fe-stress in both diatoms were driven mainly by decreases in 
cellular C and N content, relative to BSi content. The decoupling between C and N 
metabolisms relative to that of Si is because the Si-metabolism in both cells was 
inherently linked with the cellular growth cycle. We observed that VSi-max on a per-cell 
surface basis scaled linearly with growth rate in both Southern Ocean diatoms and the 
coastal diatom T. pseudonana, however the higher capacity for Si(OH)4 uptake in T. 
pseudonana likely reflects its ability to grow in waters with lower concentrations of 
Si(OH)4 over Southern Ocean diatoms, which likely have low affinity for Si(OH)4 
uptake as result of adaptations to high-Si conditions. Our experiments show that 
physiological responses to Fe-stress in Southern Ocean diatoms vary, and as a result, 
variations in Si:N and Si:C ratios should be carefully interpreted in terms of nutrient 
export.  
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4 Variability in silicon isotope fractionation in diatoms as a 
result of chronic iron limitation 
 
Meyerink, S.W., Ellwood, M.J., Maher, W.A and Strzepek, R.
3
 
 
Abstract 
The fractionation of silicon (Si) isotopes was measured in two Southern Ocean diatoms 
(Probocia inermis and Eucampia Antarctica) and a coastal diatom (Thalassiosira 
pseudonana) that were grown under varying iron (Fe) concentrations. Fe concentration 
had no effect on the Si isotope fractionation factor (ε) in T. pseudonana (ANOVA, p > 
0.1), whilst E. antarctica and P. inermis exhibited variations in the value of ε between 
Fe-replete and Fe-limited conditions (p < 0.1). Mean ε values in P. inermis and E. 
antarctica decreased from -1.11 ±0.15‰ and -1.42 ±0.41‰ (respectively) under Fe-
replete conditions, to -1.38 ±0.27‰ and -1.57 ±0.5‰ (respectively) under Fe-limiting 
conditions (± 1SD). It is possible that environmental controls affecting the fractionation 
of Si-isotopes in diatoms may vary between species. These variations are likely to arise 
from adaptations in diatoms arising from the nutrient status of their environment (i.e. 
coastal as opposed to High Si, High nitrate-low chlorophyll). The multiplicative effects 
of species diversity and resource limitation on Si-isotope fractionation in diatoms 
highlights the need for further in-vitro studies into intracellular mechanisms involved  in 
Si(OH)4 uptake. 
 
                                                 
3
 Author contributions: S.W.M. interpreted the results and prepared the manuscript with contributions 
from M.J.E., and W.A.M. R.S. assisted with the preparation of Aquil media and provided the southern 
Ocean diatoms 
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4.1 Introduction 
Diatoms play a vital role in the biogeochemical cycles of carbon (C) and silicon (Si). 
They dominate the production of biogenic silica (BSi) in the ocean, and are responsible 
for ~40 % of primary production in the global ocean (Nelson et al., 1995, Trèguer et al., 
1995) and hence have a controlling influence on the marine Si cycle through the 
utilization of dissolved silicon (silicic acid, (Si(OH)4), which they use in the formation 
of their cell wall, or frustule. Diatoms dominate phytoplankton communities in nutrient 
rich regions of the ocean such as the Southern Ocean, where they contribute 
significantly to the deep export of C and Si to ocean sediments (Smetacek, 1999, Kemp 
et al., 2000). Sedimentation rates of diatom produced opaline silica in these regions are 
often relatively high, and as such, biogenic silica (BSi) preservation rates in deep sea 
sediments can reach as high as 30% in these areas (Nelson et al., 1995, Ragueneau et 
al., 2000). While the accumulation of sedimentary BSi (or opal) represents a promising 
tool for reconstructing the degree of coupling between the Si and C cycles, indices 
based on the accumulation of sedimentary opal are often subject to winnowing and 
focusing of sediments, and the dissolution of opal at the sediment-water interface (De 
La Rocha et al., 1998, Ragueneau et al., 2000). Variations in the ratios of 
30
Si to 
28
Si 
(expressed as δ30Si in ‰) in opaline sediments and in surface waters represents a 
promising tool in providing information on the marine Si cycle, and as such, has been 
used as a proxy for marine diatom production and Si(OH)4 utilization in several palaeo-
oceanographic studies (De La Rocha et al., 1998, Beucher et al., 2007, Pichevin et al., 
2009, Ellwood et al., 2010); and in the modern context (Varela et al., 2004, Cardinal et 
al., 2007, Beucher et al., 2011). 
 
Fractionation of Si isotopes during cell wall formation in diatoms has been the subject 
of several studies (De La Rocha et al., 1997, Sutton et al., 2013). During Si uptake, 
diatoms discriminate against heavier isotopes, which changes the isotopic composition 
of both the diatom opal and the residual Si(OH)4 pool (De La Rocha et al., 1997). This 
results in a lighter isotope composition (
28
Si or 
29
Si vs. 
30
Si) in the frustule, relative to 
its dissolved Si source. Although the exact mechanism of fractionation of silicon 
isotopes in diatoms is unknown, fractionation has been determined to resemble 
Rayleigh-style fractionation kinetics, where the substrate (dissolved Si in the form of 
Si(OH)4) is precipitated into the product, BSi (Criss and Criss, 1999). The isotope 
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fractionation factor (α) is the difference between the δ30Si(OH)4 and the δ
30
Si-BSi 
product, and is determined by the following equation (De La Rocha et al., 1997): 
 
      (1) 
 
where αBSi-DSi is the isotope fractionation factor between the δ
30
Si(OH)4 and the δ
30
Si-
BSi product, f is the fractional depletion of Si(OH)4 in the media and  δ
30
Siacc and δ
30
Sio 
are the δ30Si values of the accumulated BSi and of Si(OH)4 in the media at f = 1.0 
(respectively). 
 
Estimates for Si isotope fractionation in diatoms under controlled laboratory conditions 
were initially found to average (expressed as the enrichment factor, ε in ‰) -1.1 ±0.4 ‰ 
(average ±S.D), with little variation between species (Thalassiosira sp., Thalassiosira 
weisfloggii and Skeletonema costatum) (De La Rocha et al., 1997). Fractionation was 
also found to be independent of changes in temperature (12 – 22oC)  (De La Rocha et 
al., 1997); Si quota, Si efflux and pCO2 concentration in T. weisfloggii (Milligan et al., 
2004). While these studies focused mainly on temperate and sub-polar species of 
diatoms, they did not adequately represent the isotope composition of individual Polar 
and Southern Ocean diatoms, and further studies found an inter-species effect between 
the Southern Ocean diatoms Fragilariopsis kergulensis (-0.54 ± 0.09 ‰) and 
Chaetoceros brevis (-2.09 ± 0.09 ‰)(Sutton et al., 2013). While the reason for the 
difference in isotopic composition of these species is unclear, Sutton et al. (2013) 
suggested that potential phylogenetic and morphological effects could play an important 
role. This makes sense, as diatoms in the Southern Ocean experience rapid fluctuations 
in both physical and chemical conditions associated with the change in sea ice extent 
and consequently, this highly variable habitat has caused developmental adaptations in 
diatoms in this region (Sackett et al., 2013). While this is outside the scope of this study, 
these extremes in physico-chemical conditions can potentially influence Si isotope 
fractionation in diatoms on a short-term basis. Field studies show that Si isotopic 
fractionation by siliceous phytoplankton varies across the APFZ, and coincides with the 

BSiDSi 
ln 1
(1 30Siacc /1000)(1 f )
(1 30Sio /1000)












ln f
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presence of a strong northward gradient in Si(OH)4 concentrations (Fripiat et al., 
2011a). Despite the large zonal variations in Si isotopic fractionation, there was no 
change among different size fractions, suggesting that the latitudinal variations in Si 
isotope fractionation in siliceous phytoplankton could be a direct result of nutrient 
availability, more than species composition (Cardinal et al., 2007). In order to decipher 
the effect both factors have on the surface Si isotope composition in the Southern 
Ocean, it is essential that we better understand the effects of nutrient availability on Si 
isotope fractionation in diatoms. 
 
Iron (Fe) availability affects the growth rate, Si uptake, cell morphology and BSi 
content in diatoms (see chapters 2 and 3) (Leynaert et al., 2004, Marchetti and Cassar, 
2009, Hoffmann et al., 2008). These microscale effects can have far reaching 
consequences on the physico-chemical environment, particularly in the Southern Ocean. 
Fe-limited diatoms in Antarctic water take up more Si(OH)4 relative to nitrate (NO3
-
), so 
that by the time surface waters reach the sub-Antarctic zone (SAZ), it is depleted in 
Si(OH)4 relative to NO3
- 
(Matsumoto et al., 2014). Alleviation of Fe-limitation in 
Antarctic waters may have potentially altered the Si(OH)4: NO3
-
 uptake ratio in diatoms 
during glacial times, and resulted in a ‘leakage’ of silicic acid to sub-polar waters 
(Brzezinski et al., 2002, Matsumoto et al., 2002). Opaline sediments exhibit variations 
in their Si isotope composition from glacial times (De La Rocha et al., 1998, Beucher et 
al., 2007, Pichevin et al., 2009, Ellwood et al., 2010). In order to quantitatively use δ30Si 
to determine diatom production from this period, a better understanding of how Fe-
availability affects diatom physiology, and subsequently, δ30Si composition is required.  
 
In chapters 2 and 3, the effects of Fe-availability on growth rate, Si-uptake, nutrient 
stoichiometry and cell morphology in the diatoms T. pseudonana, P. inermis and E. 
Antarctica were investigated. Here, the results on the fractionation of Si-isotopes in 
these diatoms under varying degrees of Fe-limitation are presented. 
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4.2 Methods 
4.2.1 Culture Conditions 
Cultures of the centric diatom T. pseudonana (Strain CS-20) were obtained from the 
Australian national algae culture collection in Hobart and maintained in f/2 medium 
(CSIRO recipe) at 20
o
C under a continuous photon flux density (PFD) of 120 – 145 μE 
m
-2
 s
-1
, before being transferred to iron replete Aquil medium (see section 4.2.2), while 
stock cultures of the Southern Ocean diatoms P. inermis and E. antarctica were 
obtained from Dr. Robert Strzepek at the Australian National University in Canberra. 
Both P. inermis and E. antarctica strains used in this study were initially isolated South 
of the Antarctic Polar Frontal Zone in December 2001, from the Australasian sector, 
and have since been maintained in Fe-replete Aquil medium at a temperature of 3
o
C 
under a continuous photon flux density (PFD) of ~35 μE m-2 s-1(R. Strzepek, perscom). 
Cultures were acclimated to the different iron conditions in 28 ml polycarbonate vials 
for a minimum of three transfers (approximately 10 – 12 generations), before being 
transferred to 1000 ml polycarbonate bottles for experimental work. Culture inoculums 
were kept at 1 ml per 1000 ml of culture to minimise biases in the isotope results. All 
cultures were grown in batches rather than under semi-continuous conditions in order to 
minimize contamination from trace metals. Average PFD’s for cultures of E. antarctica, 
P. inermis and T. pseudonana were 45 μE m-2 s-1, 60 μE m-2 s-1 and 133 μE m-2 s-1 
(respectively), which is saturating for all species (Sunda and Huntsman, 1997, Strzepek 
et al., 2012). Experimental temperatures were 20
o
C for T. pseudonana and 3
o
C for 
Southern Ocean species. 
 
4.2.2 Medium Preparation 
Aquil medium was prepared using trace-metal ultra-clean techniques and enriched with 
the following nutrients; 10 μmol L-1 phosphate, 100 μmol L-1 Si(OH)4, 300 μmol L
-1
 
nitrate, 0.55 μg L-1 vitamin B12, 0.5 μg L
-1
 Biotin and 100 μg L-1 thiamin. Basal medium 
and stock solutions were eluted through a column containing Toyopearl AF-chelate-
650M ion-exchange resin to remove metal contaminants and filter sterilised (0.2 μm) 
(Price et al., 1988). Iron contamination of the basal medium was measured using high-
resolution IC-PMS and found to be 0.56 (± 0.02) nmol L
-1
 (n=3). Trace metal ion 
concentrations were controlled through the addition of a trace-metal ion buffer system, 
which used 10 and 100 μmol L-1 ethylene-diamine-tetra-acetic-acid (EDTA), as the 
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chelating agent, for both Southern Ocean species and T. pseudonana (respectively). 
Trace metal concentrations were 7.91 nmol L
-1
 ZnSO4, 1.98 nmol L
-1
 CuSO4, 5 nmol L
-
1
 CoCl2, 22.8 nmol L
-1
 MnCl2, 9.96 nmol L
-1
 Na2SeO3 and 100 nmol L
-1
 Na2MoO4 for 
media containing P. inermis and E. antarctica; and 100 nmol L
-1
 ZnSO4, 40 nmol L
-1
 
CuSO4, 40 nmol L
-1
 CoCl2, 100 nmol L
-1
 MnCl2, 10 nmol L
-1
 Na2SeO3 and 100 nmol L
-
1
 Na2MoO4 for media containing T. pseudonana. Free ion concentrations were 
calculated using Visual MINTEQ, giving concentrations (expressed as –log free metal 
ion concentration = pMetal) of, pCu 14.07, pMn 8.18, pZn 10.78 and pCo 11.09 for 
Aquil medium at a temperature of 3
o
C and a pH of 8.4 for Southern Ocean media, while 
pMetal values for T. pseudonana media were pCu 13.65, pMn 8.35, pZn 10.72 and pCo 
11.26 for Aquil medium at a temperature of 20
o
C and a pH of 8.1. 
 
4.2.3 Measurement of culture pH 
Culture pH was measured by observing the change in absorbance of m-cresol purple in 
culture medium at specific wavelengths of 434 nm, 578 nm and 730 nm respectively on 
a Varian Cary 1E UV-visible spectrophotometer with attached temperature controller 
(Clayton and Byrne, 1993, Yao et al., 2007). Measurements were made at 25
o
C and 
corrected for dye-induced changes in the pH. The pH was then adjusted to the culture 
temperature of 20
oC using CO2SYS™ (http://cdiac.ornl.gov/oceans/co2rprt.html). 
 
4.2.4 Iron Manipulation 
T. pseudonana cultures were treated with a range of iron concentrations varying from 
iron limiting to iron replete: from 30 through to 50, 80, 250 and 500 nmol L
-1
 of total 
[Fe], equating to p[Fe
3+
] values of 20.59, 20.36, 20.16, 19.67 and 19.36 respectively. 
The concentrations were selected to induce different degrees of limitation as defined by 
the reduction in growth rate from μmax. Inorganic iron concentrations (Fe′) were 
calculated according to Sunda and Huntsman (2003) for a temperature of 20
o
C, a mean 
irradiance of 133 μE m-2 s-1 and a mean starting pH of 7.98. Fe′ values based on total 
[Fe] concentrations of 500, 250, 80, 50 and 30 nM equated to 0.42, 0.21, 0.07, 0.04 and 
0.02 nM respectively (Sunda and Huntsman, 2003).  
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Southern Ocean cultures were treated differently, and two competing ligands were used 
to induce Fe-limitation. Iron replete media was prepared through the addition of a filter-
sterilized FeEDTA complex (1:1.05) to Aquil containing 10 μmol L-1 EDTA for a final 
concentration (including contamination) of 58.3 nmol L
-1
 of total iron (Fetot). Iron-
limited media was prepared by adding Fe pre-complexed with the terrestrial siderophore 
desferrioxamine B mesylate (DFB; Sigma Aldridge) to Aquil media containing 10 μMol 
L
-1
 EDTA for a final concentration of 4.4 nmol L
-1
. Varying degrees of iron limitation 
were induced in culture by increasing the amount of DFB in culture at concentrations of 
40 and 80 nmol L
-1
 for E. antarctica and P. inermis (Respectively). Inorganic iron 
concentrations (Fe′) for all species are listed in table 4.1. Fe′ in iron-replete media were 
calculated according to Sunda and Huntsman (2003) for a temperature of 3
o
C, a mean 
irradiance of 52 μE m-2 s-1 and a pH of 8.4. The overall conditional dissociation constant 
(Kd′) was calculated according to methods described by Stzrepek et al. (2011) and 
represents the sum of the conditional stability constant in the dark (3.52 × 10
-7
) and the 
conditional photo-dissociation constant (2.17 × 10
-6
) of EDTA at 3
o
C. Values for Khv at 
3
o
C were kindly supplied by R. Strzepek. Fe′ for FeDFB media was calculated 
according to the equation [Fe′] = [FeDFB] / [L′] × KFe′L
cond
; where KFe′L
cond
 = 
10
11.8
(Maldonado et al., 2005). In the instance where total Fe exceeded the 
concentration of DFB bound Fe (Fetot = 4.4 nmol L
-1
; DFB = 4 nmol L
-1
), we assumed a 
0.1 nmol L
-1
 excess of DFB in the media and a 0.5 nmol L
-1
 excess of total Fe that was 
available for interaction with EDTA.  
 
4.2.5 Determination of specific growth rate, cell concentration and Si(OH)4 
consumption in culture 
Growth rates were determined from in vivo chlorophyll a fluorescence using a Turner 
Designs model 10-AU Fluorometer.  Specific growth rates of exponentially growing 
cultures were determined from linear regressions of ln in vivo fluorescence vs. time. 
Cell density (cells ml
-1
) was determined by microscopy (Sedgewick-Rafter or 
Haemocytometer – brightline, Neubauer improved). Each sample was enumerated a 
minimum of three -times resulting in a S.E between counts < 10.72% for P. inermis and 
E. antarctica, and < 5% for T. pseudonana. To minimize contamination and maintain 
trace-metal clean conditions, monitoring of Si(OH)4 consumption and cell density (cells 
ml
-1
) was kept at a minimum. Consumption of Si(OH)4 in culture was obtained by 
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measuring samples of culture media shortly after inoculation and at the exponential 
stage of growth (respectively), when cultures were harvested. 
 
4.2.6 Preparation of samples for determination of δ30Si in diatom BSi 
Once cultures were in their exponential phase of growth, 50 – 100 ml of cell culture was 
filtered through a 2 μm, 25 mm polycarbonate filter (Merck-Millipore) using a 
polycarbonate filter apparatus. Samples were collected in triplicate from each culture 
and rinsed into 2.5 ml Teflon bombs using deionised (Milli-Q®) water. Samples were 
then evaporated to dryness at 50
o
C in a drying oven overnight. To remove any organics 
that may interfere with the analysis, samples were treated with 1 ml of 30% hydrogen-
peroxide (H2O2) solution, and allowed to reflux for 24 hours at 70
o
C on a hotplate. 
Following oxidation, the lids were removed, and the samples were left to evaporate to 
dryness before adding 2 ml of 0.5 M sodium hydroxide (NaOH) to dissolve the 
sediment. Samples were then left to reflux overnight again for 24 hours at 50
o
C on 
before measuring the Si(OH)4 concentration using colour-metric methods(Strickland 
and Parsons, 1965). Sodium was removed from the samples using cation exchange 
columns in order to prevent any subsequent interference during the analysis. Cation 
exchange columns were prepared using modified polypropylene 2.5 ml Pasteur Pipettes 
loaded with approximately 1 ml Dowex 50W-X8 cation exchange resin (200-400 
mesh). Columns were cleaned using a 0.5 ml elution of 8% hydrofluoric acid (HF) and 
3 elutions of 0.75 ml  of deionised water, before being saturated with protons with 3 
elutions of 0.75 ml 4M HCl and 3 subsequent elutions with 0.75 ml MQ water. The 
protonation stage was done twice. The columns were then loaded with 0.5 ml of sample, 
before being rinsed with 4 elutions of deionised water to ensure the entire sample was 
eluted through. To minimize contamination, samples were collected in vials that were 
cleaned using 8% HF, before being rinsed with deionised water. 
 
4.2.7 Determination of δ30Si of diatom BSi 
δ30Si of diatom BSi was determined according to methods developed by Wille et al. 
(2010) using a multi-collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) (Finnigan Neptune, Germany) operating in dry plasma mode at medium-resolution 
(M/ΔM ~2000). An ESI-Apex nebulizer fitted with a Teflon inlet system and a 
demountable torch fitted with an alumina injector was used for sample introduction in 
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order to minimize any background interference. We used a standard-sample-standard 
bracketing technique for data acquisition and reduction(Wille et al., 2010). The δ30Si 
signal (based on the relative abundance of 
30
Si to 
28
Si (
30
Si/
28
Si) was calculated using 
the following formula: 
 
     (2) 
 
Where Rsample is the ratio of 
30
Si/
28
Si of the sample and RStd is the 
30
Si/
28
Si of the in-
house RC11 standard. Measurements of sample blanks were made prior to each run to 
ensure that the combined blank and background was <1% of the total sample signal. 
Inter-laboratory NBS28 and diatomite standards were prepared with each daily run, and 
were measured with every three samples (≤ 8 diatomite/NBS28 standards per daily run). 
δ30Si and the δ29Si values were calculated relative to their nearest NBS28 value, while 
NBS28 standards were evaluated against their nearest diatomite standard. 
 
Figure 4.1. Mass dependent fractionation (MDF) of δ29Si vs δ30Si line for all diatom 
samples relative to NBS28. MDF line represented by δ29Si = 0.52* δ30Si, r2 = 0.99, 2SE = 
0.25 ‰ δ30Si. 
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δ30Si and the δ29Si values relative to NBS28 for all the data were plotted against each 
other to ascertain the best-fit mass-dependent fractionation line (MDF, Figure 4.1). Our 
calculated slope for the best-fit MDF line was 0.52 ±0.01 and is consistent with the 
consensus slope of 0.511 obtained from inter-laboratory silicon standard measurements. 
This value also agrees well with the slope of the theoretical fractionation line for Si of 
0.5092(Reynolds et al., 2007). The reproducibility of the δ30Si signal measured on the 
NBS28 standard (prepared in full and measured on 5 separate occasions) was 0.25 
±0.04 ‰ and agrees well with the regression error of 0.33 (2SE, n = 33) of the MDF 
line. Diatomite standards produced average values for δ29Si of 0.66 ±0.15 ‰ and δ30Si 
of 1.29 ±0.25 ‰ (2 SD, n = 33), and are in good agreement with inter-laboratory 
comparisons (δ29Si = 0.66 ‰, δ30Si = 1.27 ‰) performed by Reynolds et al. (2007). 
 
4.3 Results 
Culture conditions and data from the Si-isotope fractionation experiments are presented 
in Figure 4.2 and Table 4.1. Comparisons between Fe-replete values obtained in this 
study and values from previous studies are presented in Table 4.2. Growth rates 
between replicate cultures varied by < 6 % (coefficient of variation, CV) and f was kept 
above a value of 0.6 in all cultures. All values for ε are presented as means, ±1 standard 
deviation (S.D.). P. inermis,  E. Antarctica and T. pseudonana exhibited mean ε values 
of -1.11 ±0.15 ‰, -1.42 ±0.41 ‰ and -0.59 ±0.11 ‰ under Fe-replete conditions. 
Comparisons show that ε values under Fe-replete conditions for P. inermis and E. 
antarctica were not statistically different (p >0.05) from the average value of -1.1 ‰ 
obtained by De La Rocha et al. (1997); however, a statistical difference was found when 
comparing this value with the ε value of T. pseudonana (p < 0.05). Whilst a relatively 
low f compared to alternate studies (i.e. Sutton et al. 2013) may introduce a more 
negative bias in the results (De La Rocha et al., 1997); the fact that T. pseudonana 
exhibited little variation in its isotope composition despite the range in f values suggests 
that this bias was insignificant. 
 
4.3.1 Effects of Fe-availability on Si isotope fractionation 
The effects of Fe-availability on Si-isotope fractionation in diatoms can be seen in 
Figure 4.2. T. pseudonana displayed little variation in ε with decreasing Fe-
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concentration. No clear trends were observed across the five Fe-conditions, and values 
in ε ranged from 0.51 ±0.46 ‰ and 0.75 ±0.24 ‰. Comparisons between Fe-limited 
values (Fe′ = 208, 67, 42 and 25 pmol L-1) were statistically insignificant (ANOVA, p > 
0.1) when compared to the Fe-replete conditions (Fe′ = 418 pmol L-1). Because of the 
statistical insignificance between these values, the mean was taken of all values and 
compared against ε values obtained from two strains of T. pseudonana (CCMP1014 and 
CCCM58) by Sutton et al. (2013). We observed a statistically significant difference 
between the ε in our strain (CS-20) and the two strains grown by Sutton et al. (2013) (p 
< 0.05). 
 
Mean values for ε seem to vary somewhat between Fe-replete and Fe-limited conditions 
in Southern Ocean species. Despite the relatively large variance in data sets in E. 
antarctica, we noted a statistical difference in ε (p = 0.04) between Fe-replete and Fe-
limited conditions, where mean ε values under Fe-limitation were more negative (-1.57 
±0.5 ‰) than under Fe-replete conditions (see table 4.1). Mean ε values were also more 
negative under Fe-limited conditions in P. inermis (-1.38 ±0.27 ‰) compared to ε 
values under Fe-replete conditions (-1.11 ±0.15 ‰). Both Fe-replete and Fe-limited 
datasets for P. inermis exhibited a difference at the 90% confidence interval (p =0.08), 
and removing outliers from both Fe-replete and Fe-limited data sets for P. inermis 
makes the difference more significant (p = 0.04).  
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Figure 4.2. Box and whisker plot displaying the effects of Fe-availability on T. pseduonana, 
P. inermis and E. antarctica. (a) represents comparisons between all species, (b) represents 
the variation in Si-isotope fractionation factor across multiple Fe-concentrations for T. 
pseudonana. Lines are median values, Boxes represent 1
st
 and 3
rd
 quartiles and dots 
represent outliers (n ≥ 3). 
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Table 4.1. Culture conditions, growth rates, Fe concentrations and Results from the Si isotope fractionation experiments for P. inermis, E. antarctica and 
T. pseudonana. Fractionation factors were calculated from diatom BSi as a function of f, where f is the fraction of the original Si(OH)4 remaining in the 
system once diatoms are harvested (i.e. if f = 0.8, 20% of Si(OH)4 was consumed). n is the number of measurements from cultures. All values presented as 
means ±1 SD. P values are relative to Fe-replete (Fe+) conditions.  For T. pseudonana, the Fe-replete concentration is equal to an Fe' value of 418 pmol L
-1
. 
Fe Treatment 
Fe' (pmol 
L
-1
) 
μ d-1 
PFD (μE 
m
-2
 s
-1
) 
n δ30SiNBS28 f α 
Fractionation 
factor (ε, ‰) 
P 
          
P. inermis          
58.3 nmol L
-1
 Fe; 10 
μmol L-1 EDTA 
 
3369 0.35 ±0.02 60 9 -0.55 ± 0.16 0.97 ± 0.06 0.9989 ± 0.0002 -1.11 ± 0.15  
4.4 nmol L
-1
 Fe; 80 nmol 
L
-1
 DFB 
0.09 0.09 ±0.02 60 5 -0.6 ± 0.23 0.68 ± 0.06 0.9986 ± 0.0003 -1.38 ± 0.27 0.08 
          
E. antarctica          
58.3 nmol L
-1
 10 μmol 
L
-1
 EDTA 
 
3369 0.32 ±0.02 50 12 -0.65 ± 0.33 0.7 ± 0.02 0.9986 ± 0.0004 -1.42 ± 0.41  
4.4 nmol L
-1
 Fe; 40 nmol 
L
-1
 DFB 
0.2 0.07 ±0.01 50 11 -0.8 ± 0.48 0.72 ± 0.07 0.9984 ± 0.0005 -1.57 ± 0.5 0.04 
          
T. pseudonana          
500 nmol L
-1
 100 μmol 
L
-1
 EDTA 
 
418 1.52
*
 133 3 0.09 ± 0.08 0.60 0.9994 ± 0.0001 -0.59 ± 0.11  
250 nmol L
-1
 100 μmol 
L
-1
 EDTA 
 
208 1.48
*
 133 3 0.13 ± 0.37 0.65 0.9995 ± 0.0005 -0.51 ± 0.46 0.8 
80 nmol L
-1
 100 μmol L-
1
 EDTA 
 
67 0.85
*
 133 3 0.13 ± 0.08 0.67 0.9995 ± 0.0001 -0.51 ± 0.1 0.39 
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Table 4.1. (Continued)          
Fe Treatment 
Fe' (pmol 
L
-1
) 
μ d-1 
PFD (μE 
m
-2
 s
-1
) 
n δ30SiNBS28 f α 
Fractionation 
factor (ε, ‰) 
P 
 
30 nmol L
-1
 100 μmol L-
1
 EDTA 
25 0.72 ±0.01 133 6 -0.07 ± 0.08 0.87 ± 0.01 0.9993 ± 0.0001 -0.65 ± 0.08 0.42 
          
 
Growth Media Si (Aquil 
replicates) 
 
   6 0.54 ± 0.13     
Growth Media Si 
(NaOH replicates) 
 
   3 0.53 ± 0.02     
Mean Growth Media Si 
(Aquil + NaOH 
replicates) 
   9 0.54 ± 0.11     
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Table 4.2. Comparison of Fe-replete, Si-isotope fractionation factors (ε, ‰) between this study and previous studies. n is the number of replicate cultures. 
All values presented as means ±1 SD. μmax day-1 is the maximum growth rate per day. Inter-comparisons in ε between T. pseudonana strains in this 
study and previous studies by Sutton et al. (2013) are highlighted in bold. 
Species name 
Strain/Isolation 
source 
PFD (μE m-2 s-1) n  Temperature (oC) μmax day-1 f 
Fractionation 
factor (ε, ‰*) 
This study        
P. inermis 
ANARE V3 
CLIVAR 
60 3 3 0.35 ± 0.02 0.97 ± 0.06 -1.11 ± 0.15 
E. antarctica 
ANARE V3 
CLIVAR 
50 4 3 0.32 ± 0.02 0.7 ± 0.02 -1.42 ± 0.41 
T. pseudonana
* 
CS-20 133 6 20 1.52
*
 0.77 ± 0.14 -0.61 ± 0.21 
        
Sutton et al. 
(2013) 
       
T. pseudonana CCMP1014 200 4 18 1.30 ± 0.13 0.92 ± 0.005 -0.97 ± 0.14 
T. pseudonana CCCM58 200 4 18 1.34 ± 0.11 0.92 ± 0.007 -0.88 ± 0.06 
T.weissflogii CCMP1010 200 3 18 0.66 ± 0.06 0.91 ± 0.15 -0.72 ± 0.04 
P. glacialis CCMP650 50 3 3 0.21 ± 0.01 0.91 ± 0.005 -1.15 ± 0.03 
F. kerguelensis LOHAFEX 90 4 3 0.22 ± 0.02 0.92 ± 0.007 -0.53 ± 0.11 
F. kerguelensis EIFEX 90 3 3 0.20 ± 0.02 0.9 ± 0.01 -0.56 ± 0.07 
T. antarctica CCMP982 30 3 3 0.19 ± 0.01 0.92 ± 0.001 -0.74 ± 0.05 
C. brevis CCMP164 90 4 3 0.36 ± 0.04 0.9 ± 0.01 -2.09 ± 0.09 
T. nordenskioeldii CCMP997 170 4 3 0.58 ± 0.01 0.92 ± 0.01 -1.21 ± 0.04 
        
Milligan et al. 
(2004) 
       
T. weissflogii Coastal Strain 160 6 20 1.4 ± 0.05 0.88 ± 0.01 -1.58 ± 0.1 
        
De La Rocha et al. 
(1997) 
       
S. costatum CCMP1332 99 4 15 No data reported 0.96 ± 0.03 -0.95 ± 0.4 
T. weissflogii Unknown source 99 4 15 No data reported 0.8 ± 0.08 -1.28 ± 0.46 
Thalassiosira sp. Isolate 99 5 15 No data reported 0.85 ± 0.03 -1.04 ± 0.42 
*Max growth rate from single culture, replicate cultures were Fe-replete. Because there was no difference in ε between replicate cultures, the value for ε is the mean of all cultures ±1 
SD. 
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4.4 Discussion 
This is the first study to specifically investigate the effects of Fe-limitation on Si-isotope 
fractionation in diatoms. In previous chapters, how Fe-limitation can alter Si(OH)4 
uptake kinetics, cell morphology and nutrient stoichiometry in diatoms was discussed. 
In addition, a mechanism by which variations in Fe-availability can potentially alter 
Si(OH)4 uptake and bio-silicification in diatoms by simultaneously altering the growth 
rate, and the synthesis of proteins involved in the production of siliceous cell walls was 
also presented. Here, the processes by which Si isotopes are fractionated during diatom 
Si uptake and cell wall synthesis are explored and related back to mechanisms involving 
Si(OH)4 uptake that were discussed in previous chapters. 
 
4.4.1 Fractionation of Si-isotopes in diatoms 
Whilst little effect in the variability of the Si-isotope fractionation factor was observed  
in T. pseudonana in response to Fe-stress (p > 0.1) (Figure 4.2b), both Southern Ocean 
species exhibited a fractionation factor that was more negative under Fe-limitation (p < 
0.1) (Figure 4.2a). Values for ε have been observed to vary under optimal conditions 
between species (Sutton et al., 2013), so it is possible that there may be an inter-species 
effect when it comes to environmental controls on Si-isotope fractionation in diatoms. 
Sutton et al. (2013) show that Si-isotope fractionation can vary as much as 1.5 ‰ 
between species, enough to significantly impact interpretations involving δ30Si from 
diatom opal in sediments. In addition to interspecies effects, variations in the value for ε 
between individual strains have also been pointed out (Sutton et al., 2013). Si isotope 
fractionation has been independently measured in T. weissfloggi in 3 seprate studies, 
with ε values ranging from -0.72 ±0.04 ‰ (Sutton et al., 2013) to -1.5 ±0.1 ‰ (Milligan 
et al., 2004). Variations have also been observed in ε values in T. pseudonana between 
this study (-0.61 ±0.21 ‰ and the study conducted by Sutton et al. (2013) (-0.94 ±0.14 
‰ and -0.88 ±0.06 ‰). Sutton et al. (2013) suggest that differences in the fractionation 
factor between studies involving T. weisfloggii were attributable to the fact that they 
used a coastal isolate rather than an open ocean isolate. However there were remarkable 
similarities in ε values between the two T. pseudonana strains (CCMP1014 and 
CCCM58) in this study, where CCMP1014 is an open ocean isolate (Approximately 
North Pacific Gyre; https://ncma.bigelow.org/) and CCCM58 is a coastal isolate 
(Moriches Bay, Long island, NY; http://www3.botany.ubc.ca/cccm/NEPCC/) and 
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whilst it is possible that inherent differences between strains could be a factor, culturing 
conditions need to be ruled out first before this hypothesis can be invoked. 
 
4.4.2 Potential mechanisms controlling Si isotope fractionation in diatoms 
Processes relating to Si-processing in diatoms are easily affected by Fe-availability, 
which has been discussed extensively in chapters 2 and 3. Consequently, physiological 
variations resulting from Fe-limitation can be manifested by variations in the δ30Si 
composition of diatom BSi. Understanding how diatoms fractionate Si isotopes during 
uptake and bio-mineralization requires a thorough investigation into how diatoms take 
up Si(OH)4 from the surrounding water column and use it in the formation of their cell 
frustule (Sutton et al., 2013). There are numerous intracellular pathways during the 
synthesis of BSi in diatoms where fractionation of Si isotopes can potentially occur. In 
diatoms, Si(OH)4 uptake from the surrounding water column is typically characterized 
either by diffusion- or Michaelis-Menten style saturation kinetics (Hildebrand, 2008, 
Javaheri et al., 2014). At low ambient Si(OH)4 concentrations, uptake is mainly a 
saturable process (≤10 μmol L-1), and is facilitated by Si transporters (SITs) that are 
localized in cell membranes (Shrestha and Hildebrand, 2015). These are membrane 
bound proteins that actively take up Si(OH)4 and transport it across the outer cell 
membrane to the cell cytoplasm against a concentration gradient (Hildebrand, 2008). At 
higher ambient Si(OH)4 concentrations (≥30 μmol L
-1
), uptake is mainly a diffusive 
process, and SITs are thought to play more of a regulatory role related to the external 
concentration of Si(OH)4; acting as ‘sensors’ and allowing the cell to proceed with cell 
wall formation when external Si(OH)4 concentrations are sufficient(Shrestha and 
Hildebrand, 2015). At high concentrations, Si(OH)4 passively diffuses through cell 
membranes, where the rate of diffusion is proportional to the permeability of the 
membrane and the concentration gradient across the membrane (Hildebrand, 2008, 
Javaheri et al., 2014). Si is transported from the cell membrane to the silicon deposition 
vesicle (SDV) via compounds that are as yet, not identified; known as Si binding 
components (Thamatrakoln and Hildebrand, 2008). The number of occupied binding 
components set the concentration gradient across the cell membrane under Si-replete 
conditions; Si-starvation can alter the number of binding component, and thus induce 
variations in the concentration gradient across the cell membrane upon replenishment of 
Si(OH)4 to the growth medium until the cell reaches equilibration (Thamatrakoln and 
Hildebrand, 2008). At present, it is still unknown how Si is transported from the cell 
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cytoplasm into the SDV, however recent studies have identified production of SITs 
(specifically SIT3) in intra-cellular locations localized to membrane systems (Shrestha 
and Hildebrand, 2015); and it is likely that active transport involving SITs play a role in 
the transport of Si from the cell cytoplasm to the SDV. This make sense, because 
Si(OH)4 concentrations in the SDV are > 2 mmol L
-1
, a concentration where Si(OH)4 
can spontaneously precipitate into Hydrated Silica (SiO2) (Hildebrand, 2008); and as a 
result, concentration gradients across the intracellular membrane separating the SDV 
from the cell cytoplasm must be extremely high. Once the cell gets to a certain stage of 
the cell cycle (M-phase), the SDV is exo-cytosed to create a new cell wall. Si(OH)4 
precipitation is facilitated by silafins and long-chain polyamines, which act as a 
‘template’ by which the new frustule is precipitated (Mock et al., 2008). 
 
Fractionation of Si isotopes can occur across any of these pathways. Milligan et al. 
(2004) was able to isolate where isotopic discrimination took place by running a number 
of experiments where they were able to vary the efflux:influx ratio of Si(OH)4 in the 
cell. They suggest that fractionation of Si isotopes occurs during the membrane 
transport step and not during polymerization as fractionation should scale linearly with 
efflux:influx. In addition, the relatively small Si isotope effect may also be evidence of 
discrimination at the transport level, as this does not necessitate the breaking or forming 
of chemical bonds (Milligan et al., 2004). If this is the case, fractionation of Si isotopes 
occurs either at the membrane/seawater interface, as Si(OH)4 is taken up from the water 
column and transported to the cell cytoplasm, or, as Si is transported from the cell 
cytoplasm into the SDV.  
 
The abundance of SITs and binding components in the cell cytoplasm, as well as the 
external concentration of Si(OH)4, alters the kinetic behaviour of Si uptake across the 
outer cell membrane, and thus complicates the ability to ascertain mechanisms by which 
Si isotopes are fractionated. Studies investigating Si isotope fractionation in diatoms 
have so far, been conducted at saturating concentrations of Si(OH)4 (>30 μmol L
-1
), so it 
is therefore easy to assume that diffusion based kinetics were taking place during 
Si(OH)4 uptake.  Diffusion across the diatom cell membrane during Si(OH)4 uptake is 
limited by the level of binding component inside the cell cytoplasm. It is possible that 
the concentration gradient across the cell membrane is set by the relative proportion of 
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chemical forms of Si in the cell cytoplasm (Martin-Jezequel et al., 2000, Thamatrakoln 
and Hildebrand, 2008); however, if this was the case, the isotopic effect would be 
relatively large, as kinetic fractionation would likely occur (Milligan et al., 2004). 
Under relatively low ambient Si(OH)4 concentrations, active transport would play more 
of a role in setting the Si-isotope fractionation factor, thus fractionation would follow 
diffusion-mediated uptake kinetics (Bonachela et al., 2011). Another possibility is that 
fractionation occurs during active transport across the membrane separating the SDV 
from the cell cytoplasm. It is still unknown whether SITs play an active role in this 
process, or electrophoretic transport is to blame (Thamatrakoln and Hildebrand, 2008). 
In either case, kinetic fractionation should occur; however as discussed above, if this 
was happening within the cell, one would expect a larger fractionation effect (Milligan 
et al., 2004). The fact that this does not occur suggests diffusion plays a much larger 
role in the diatom silicon metabolism than previously thought (Shrestha and Hildebrand, 
2015). To better understand Si-isotope fractionation kinetics in diatoms, a better 
understanding of the diatom Si-metabolism is clearly required. 
 
4.4.3 Effects of Fe-limitation on Si-isotope fractionation in diatoms 
Sutton et al. (2013) observed an inter-specific variation in mean ε values in Southern 
Ocean diatoms based on mono-culture in-vitro incubations. This suggests that 
community shifts in field diatom populations as a result of varying Fe-supply could 
influence sea-surface δ30Si as a result of different diatoms, with different Si 
fractionation factors, being adapted to varying concentrations of Si(OH)4 and Fe (Fripiat 
et al., 2012). While this scenario is very hypothetical, it may explain the observed 
relationship between mixed layer mean apparent fractionation factor (Δ30Si = δ30SiDSi - 
δ30SiBSi) and Si(OH)4 concentration in the Southern Ocean; where, as ambient Si(OH)4 
concentration decreases, Δ30Si  tends towards zero (Fripiat et al., 2012). If this is the 
case, diatoms adapted to relatively high ambient concentrations of surface Si(OH)4 (i.e. 
high half-saturation constant with respect to Si, KSi) would exhibit ε values that were 
more negative. However, this is unlikely, as Si isotope fractionation factors measured 
under Fe-replete conditions for Southern Ocean species in this study (P. inermis and E. 
antarctica) and the study by Sutton et al. (2013) (F. kergulensis, EIFEX isolate) show 
no clear similarities in ε despite the fact that they were isolated from regions in the 
Southern Ocean with relatively similar surface Si(OH)4 concentrations (Antarctic Polar 
Frontal Zone vs. Antarctic Circumpolar Current) (Hoffmann et al., 2006). 
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Si metabolism in diatoms is particularly sensitive to variations in Fe-supply (see 
chapters 2 and 3 of this thesis) and as such, variations in ε can potentially be dependent 
on Fe-induced physiological variations within the cell. An interesting result from this 
study was the relative response in the Si isotope fractionation factor (ε) of T. 
pseudonana under Fe-limitation compared to P. inermis and E. antarctica. T. 
pseudonana exhibited no variation in ε in response to Fe-limitation (ANOVA, p > 0.1), 
and maintained a mean ε value of -0.61 ±0.21 ‰ across all Fe′ concentrations. In 
contrast, we observed a weak negative response in Si isotope fractionation in response 
to increased Fe-stress in both Southern Ocean species (Fig 4.2). The reason behind this 
difference could lie in how the Si-metabolism in Southern Ocean diatoms respond to 
Fe-stress in comparison to coastal species such as T. pseudonana.  Based on these 
experiments however, the mean variation in ε is not significantly high (<0.26 ‰), and 
likely does not have the potential to significantly influence interpretations involving 
δ30Si.  
 
Diatoms with a high half saturation constant for Si (KSi) such as E. antarctica and P. 
inermis (≥10 μmol L-1) are likely to fractionate Si-isotopes differently to diatoms with a 
relatively low half saturation constant such as T. pseudonana because of their likely 
dependence on diffusion for Si(OH)4 uptake from the surrounding water column. 
Diatoms have been shown to decrease their dependence on active transport between 
ambient Si(OH)4 concentrations of 10 μmol L
-1
 and 30 μmol L-1 (Thamatrakoln and 
Hildebrand, 2008). This is supported by proteomic studies, where diatoms have been 
shown to decrease the level of SIT expression when ambient concentrations of Si(OH)4 
exceed 30 μmol L-1 (Shrestha and Hildebrand, 2015). Under Fe-limitation, diatoms 
decrease their cellular growth rate, which results in a subsequent decrease in their 
maximal Si(OH)4 uptake rate (VSi-max) (Leynaert et al., 2004). This would result in a 
subsequent decrease in a diatoms specific affinity for Si(OH)4. However, the specific 
affinity for Si(OH)4  is maintained by a subsequent decrease in the KSi (See chapter 3). 
Previous studies suggest that diatoms maintain their affinity by altering their cell size 
(Leynaert et al., 2004); however, we observed a 2-fold decrease in KSi in E. antarctica 
when Fe-limited, which was concomitant with an increase in cell-size. It is therefore 
more likely that diatoms maintain their affinity for Si(OH)4 by adjusting the point where 
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diffusive transport takes over from active transport. Active transport persists at Si(OH)4 
concentrations greater than 30 μmol L-1 under Fe-limitation, and as a result, could 
possibly induces a more negative response in the diatoms Si-isotope fractionation 
factor. If this is correct, why did E. antarctica and P. inermis exhibit a more negative 
response in ε when compared to T. pseudonana? It is possible that different genera of 
diatoms switch from active to diffusive transport at different Si(OH)4 concentrations. 
While T. pseudonana does this at ~30 μmol L-1 under Fe-replete conditions (Shrestha 
and Hildebrand, 2015), this value could increase in Southern Ocean diatoms. When 
diatoms approached Fe-limiting conditions in this study; T. pseudonana possibly 
remained under the threshold where active transport takes place, while E. antarctica and 
P. inermis did not. If this is the case, then Si-isotope signatures may potentially be 
subject to the multiplicative effects of species diversity and resource limitation. These 
explanations are just speculative, and further research involving both Fe and Si(OH)4 
limitation may shed light on some of these mechanisms. 
 
4.5 Conclusions 
This is the first culture study to investigate the effects of Fe-limitation on Si-isotope 
fractionation in diatoms. Whilst any effects arising from Fe-stress on the value of ε were 
not evident in T. pseudonana, we observed that both Southern Ocean diatoms under Fe-
stress exhibit mean ε values that are 0.19 – 0.27‰ (within error) more negative 
compared to Fe-replete values. Whilst this variation is likely not enough to have any 
significant impact on interpretations involving δ30Si in diatomaceous opal or sea surface 
Si(OH)4/BSi, the fact that the value for ε in the Southern Ocean species was prone to 
changes in the physico-chemical environment compared to that of the coastal species 
warrants further investigation into how diatoms fractionate Si-isotopes during bio-
silicification.  
115 
 
5 Putting the Silicon cycle in a bag: Field observations of 
Silicon isotope fractionation in New Zealand Waters 
 
Meyerink, S.W., Ellwood, M.J., Maher, W.A., Strzepek, R. and Boyd, P.
4
 
 
Abstract 
A mesocosm experiment was used to investigate the fractionation of silicon (Si) 
isotopes in New Zealand surface waters. Fractionation of Si-isotopes in the mesocosm 
followed closed-system Rayleigh fractionation kinetics, and an enrichment factor (ε) of 
-1.13 ‰ was calculated for the exponential phase diatom community, which was 
marked by the presence of the diatoms Asterionelopsis glacilis and Mellosira 
moniliformis. Biogenic silica (BSi) production in the bag increased 12-fold, while the 
Si-isotope composition of BSi (δ30SiBSi) increased from 1.49 ‰ to 2.64 ‰ by the end of 
the experiment. In contrast, BSi production in the surface ocean was relatively minor, 
whilst δ30SiBSi values grew lighter with respect to 
30
Si during bloom initiation, 
suggesting that silicic acid (Si(OH)4) was being replenished in surface ocean waters. 
Comparisons with previous surveys suggest diatom productivity is ultimately limited by 
bio-available iron (Fe), rather than Si(OH)4, and this additional resource limitation 
likely controls the Si-isotope composition (δ30SiDSi) in surface waters. This suggests that 
resource competition between phytoplankton groups may not only control the inventory 
of Fe in the Southern Ocean, but also may play a role in governing Southern Ocean 
δ30SiDSi composition. 
                                                 
4
 Author contributions: S.W.M. interpreted the results and prepared the manuscript with contributions 
from M.J.E., and W.A.M. M.J.E. and R.S. conducted the mesocosm experiment and assisted with surface 
water sampling. P.B. Organised the cruise, designed the mesocosm experiment and funded the supporting 
measurements. 
116 
 
5.1 Introduction 
The biological fractionation of silicon (Si) isotopes by diatoms in the surface ocean 
makes the stable isotope composition of biogenic silica (δ30SiBSi) an extremely sensitive 
tracer of the marine biogeochemical Si-cycle (de Souza et al., 2012b). Understanding 
the processes governing Si-isotope fractionation is particularly important in the 
Southern Ocean, a region where silicic acid (Si(OH)4) is retained as a result of diatoms 
in sub-polar waters preferentially removing Si(OH)4 relative to nitrate (NO3
-
) from the 
water column. These Si-poor waters extend northward as Sub-Antarctic Mode Water 
(SAMW) and play a major role in setting the nutrient status of the global ocean 
(Sarmiento et al., 2004). The strong de-coupling of Si(OH)4 and NO3
- 
in the Antarctic 
polar waters has a particularly important bearing on marine productivity at lower 
latitudes, and is due to a complex interplay between, (1) different diatom species and 
morphological types displaying varying degrees of bio-silicification (Baines and Pace, 
1991), (2) iron (Fe) and light limitation inducing heavier rates of bio-silicification and 
reduced uptake of NO3
-
 in diatoms (Franck et al., 2003, Marchetti et al., 2010), (3) the 
export and deep remineralisation of Si(OH)4 relative to NO3
- 
(Pichevin et al., 2014), and 
(4) grazer induced variations in cell wall bio-silicification and cell morphology (See 
chapter 3 of this thesis) (Smetacek et al., 2004). 
 
Deciphering the relative importance of these processes, which is key to understanding 
the nutrient distribution in the Southern Ocean, is vitally important in order to better 
constrain the role the Southern Ocean plays in marine bio-geochemical cycles. The 
distribution of δ30SiBSi is extremely sensitive to these processes, and acts as an effective 
tracer for examining the cycling of Si in resident diatom communities (De La Rocha et 
al., 1997, Milligan et al., 2004, Fripiat et al., 2012). Uptake of Si(OH)4 by diatoms in 
the ocean dramatically affects the isotopic compositions of both Si(OH)4 and biogenic 
silica (BSi) in surface waters. During Si(OH)4 uptake, the lighter Si isotope (
28
Si) is 
preferentially taken up, and is defined by a fractionation factor (ε) which in the case of 
field populations of diatoms in the Southern Ocean, is set at -1.2 ±0.2 ‰ (Varela et al., 
2004, Fripiat et al., 2012). Stratification of the water column in the summer months in 
the Antarctic Polar Frontal Zone (APFZ) results in the surface water enrichment of δ30Si 
with respect to 
30
Si in the dissolved Si(OH)4 pool (δ
30
SiDSi) as a result of this 
preferential fractionation by diatoms. This contrasts with deeper waters in the region 
that are relatively lighter with respect to 
30
Si due to continuous resupply of isotopically 
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light waters from Circumpolar Deep Water (CDW) (de Souza et al., 2012a). During 
winter, de-stabilisation of the water column results in the transport of 20-25% of the 
Si(OH)4 pool in APFZ surface waters to the deep ocean; where it joins Sub-Antarctic 
Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) (Sarmiento et al., 
2004, Sallée et al., 2008, de Souza et al., 2012a). Entrainment of subsurface waters 
during this process attenuates the δ30SiDSi signal to ~2 ‰ (Fripiat et al., 2011a, Fripiat et 
al., 2012); this signal is then transmitted northward until it is diluted by the isotopically 
light waters of the deep-North Pacific (Cardinal et al., 2005, Beucher et al., 2008, de 
Souza et al., 2012a, Cardinal et al., 2007). 
 
Figure 5.1. General bathymetry around the New Zealand region (from Chiswell et al. 
2015). Regions depicted are: BG, Bellona Gap; NC, North Cape; EC, East Cape; STB, 
South Taranaki Bight; BP, Banks Peninsula; MS, Memoo Saddle; ST, Solander Trough; 
SP, Snares Plateau; SI, Stewart Island; CI, Chatham Islands; BI, Bounty Island; AI, 
Auckland Island; SS, Subantarctic Slope (Chiswell et al., 2015). 
 
The present survey (TAN1212) was part of a GEOTRACES process study, and took 
place in a zone of confluence east of New Zealand (approximately 179
o
W, 39
o
S). The 
region is a site of considerable eddy activity, which arises from the convergence of Sub-
Antarctic Water (SAW) and Sub-Tropical Water (STW) (Butler et al., 1992, Fernandez 
Study area 
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et al., 2014). The convergence zone is locked topographically to the Chatham Rise, a 
shallow (<300 m deep) submarine ridge, and is a region of high temperature, salinity 
and nutrient gradients as a result of the meeting of two significantly different water 
masses (SAW and STW) (Nodder et al., 2005). A warm core eddy immediately north of 
the Chatham Rise is a persistent feature in the region, which extends to 2000m depth; 
and has been observed to have a spring bloom at its centre, which induces oligotrophic 
conditions in the summer, and is followed by deep winter mixing and low productivity 
in the winter (Murphy et al., 2001, Nodder et al., 2005). Phytoplankton community 
structure in the bloom is generally characterised by chlorophyll concentrations >1 mg 
m
-3, and large phytoplankton (>20 μm)(Boyd et al., 1999). Consequently, the area is 
marked by high seasonal fluxes of biogenic material to deeper waters (Nodder et al., 
2005). 
 
The relatively low concentrations of Si(OH)4 (< 4 μmol L
-1
) relative to NO3
- 
in surface-
ocean waters testify to the heavy influence of  SAW in the region (Boyd et al., 1999); 
and verify its status as a High-Nitrate, Low-Silicate, Low Chlorophyll (HNLSiLC) area 
of the ocean (Dugdale et al., 1995). The region is particularly important to a number of 
Fe-process studies (Boyd et al., 2012, Boyd et al., 2015, Ellwood et al., 2015); however, 
relatively little is known on the biological fractionation of Si-isotopes by diatoms in 
New Zealand surface waters. Instead, a majority of the processes relating to variations 
in δ30Si in Si(OH)4 and diatom derived BSi in the region are inferred from previous 
studies in the Southern Ocean and Equatorial Pacific (Beucher et al., 2008, Fripiat et al., 
2012, de Souza et al., 2012a). At present, the only study investigating Si-isotopes in 
New Zealand waters was a sponge study in the mesopelagic zone north of New Zealand, 
an area that was more heavily influenced by SAW (Wille et al., 2010, Fripiat et al., 
2012). 
 
The study took place within a warm-core eddy (39°20S 180°00’W) east of New Zealand 
where a phytoplankton bloom has been observed to occur based on satellite and field 
measurements (Murphy et al., 2001, Boyd et al., 2012, Ellwood et al., 2015). The over-
arching aim of the voyage was to 1); investigate the physico-chemical factors driving 
the longevity, magnitude and termination of the spring phytoplankton bloom, 2); to 
investigate trace metal cycling within the bloom, and 3); to relate this mechanistic 
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understanding of environmental controls on bloom dynamics to remotely sensed-trends 
in phytoplankton blooms across the mesoscale eddy field east of New Zealand (See 
Ellwood et al. 2015 and references therein). The survey drew on the findings from an 
earlier voyage in September 2008 (Fe-cycle II), and utilised a mesocosm experiment to 
investigate pelagic Fe-cycling within the resident phytoplankton community (Boyd et 
al., 2012, Ellwood et al., 2015). The work presented here is a supporting study and aims 
to investigate factors driving BSi formation and Si-isotope fractionation within the 
spring bloom in the convergence zone east of New Zealand. Here, we present 
comparisons with BSi production and Si-isotope (δ30SiBSi) fractionation in the 
mesocosm with new δ30SiBSi data from from the subtropical-convergence zone.  
 
5.2 Methods 
5.2.1 Sampling Site and Experimental Design 
The survey (TAN1212) was part of a GEOTRACES process study, and took place in an 
annually recurring warm-core eddy east of New Zealand (39°20S 180°00’W) where a 
phytoplankton bloom has been observed to occur based on satellite and field 
measurements (Murphy et al., 2001, Boyd et al., 2012, Ellwood et al., 2015). The 
voyage took place between 15 September 2012 (year day 259) and 7 October 2012 (year 
day 281). Survey methods were similar to those for a previous voyage in September of 
2008 (Boyd et al., 2012); where after an initial survey of the feature, a drogued drifter 
was deployed at the centre of the eddy to provide the quasi-Lagrangian sampling 
platform needed to interpret biogeochemical observations of the feature (for further 
details on eddy formation, see Boyd et al. 2012 and Ellwood et al. 2014).  
 
Sea surface (0 – 10m depth) samples for BSi and Si-isotopes were collected between 
days 263 and 279 using the ships underway seawater supply. Sea surface Chlorphyll a 
fluorescence, Photo-chemical efficiency and Sigma PSII was monitored in real-time 
using a Chelsea Instruments Fast Repetition Rate (FRR) fluorometer that was plumbed 
in to the ships underway supply, while size-fractionated chlorophyll a was taken for 
later analysis. Daily sea-surface samples (10m depth) for dissolved macro-nutrients 
(NO3
-
 + NO2
-
, Si(OH)4 and PO4
3-
), particulate nitrogen (N), particulate carbon (C), and 
particulate phosphorous (P) were collected during the pre-dawn CTD downcast. Daily 
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sea-surface samples (10m depth) for dissolved Fe (DFe) were obtained using a trace-
metal rosette. Macro-nutrient concentrations were measured in real –time using using a 
micro-segmented flow analyzer (Astoria Pacific International [API300]) with digital 
detector (Ellwood et al., 2014) and Dissolved Fe (DFe) concentrations were determined 
onboard by flow-injection analysis with chemi-luminesence detection of Fe using 
luminol following Fe pre-concentration on to Toyopearl AF-Chelate-650 M resin (De 
Jong et al., 1998). Samples for DOC were analysed at NIWA according to APHA 
method 5310B using a TOC analyser. Filters for particulate C, N and P samples were 
collected and stored at -80
o
C for later analysis, while filters for particulate BSi and 
δ30SiBSi samples were collected and stored at -20
o
C for later analysis. Details for the 
collection and analysis of particulate samples are outlined in sections 5.2.2 – 5.2.4. 
 
A mesocosm experiment was conducted on day 266 using an acid clean 700 L bag half 
filled with surface seawater that was pre-filtered using an acid clean 0.2 µm capsule 
filter (Supor Acropak 200; Pall) and collected cleanly with a Trace metal clean (TM) 
fish. The main aim of the mesocosm experiment was to investigate cycling of pelagic Fe 
in the water column using radioactive isotope; Fe
55
 as a tracer. As such, two bags were 
used in total, one spiked with 0.2 nmol L
-1
 of the radioactive 
55
Fe (hot) and a control, 
spiked with 0.2 nmol L
-1
 of non-radioactive Fe (cold). Both bags were allowed to 
equilibrate with natural ligands present in the filtered seawater for 12 hours, before 
being inoculated with unfiltered seawater collected with the TM fish (Ellwood et al., 
2015). The bags were incubated on deck at 50% of the ambient light intensity and 
ambient seawater temperature for 168 hours using a flow through incubator. Details for 
the experiments relating to the pelagic cycling of Fe in the bags can be found in 
Ellwood et al. 2015 and Boyd et al. 2015. All samples and observations for the work 
presented in this study were made on the ‘cold’ bag.   
 
To determine the effects (if any) on the production of particulate BSi or the 
fractionation of  δ30SiBSi by the additional Fe in the mesocosm, a microcosm experiment 
was run in conjunction on Day 272 for 96 hours as an Fe-free control. Four 20 L cubic 
containers were filled using unfiltered seawater from the TM fish, with two containers 
spiked with 0.5 nmol L
-1
 of non-radioactive Fe. Initial discrete measurements prior to 
incubation of both experiments included macro-nutrient concentration, and samples for 
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BSi and Si-isotopes. Additional measurements for the microcosm experiment included 
measurement of photosynthetic parameters (fluorescence, photochemical efficiency 
(Fv/Fm) and photosystem II effective absorption cross-sections (σPSII)) using a Chelsea 
instruments FRR fluorometer, and particulate C, N and P. Measurements during the 700 
L mesocosm experiment were taken every 12-24 hours after initial measurements with a 
peristaltic pump via acid clean low-density polyethylene tubing. In contrast, the 20 L 
microcosm experiment was sampled at the end of the 96-hour incubation in order to 
avoid possible contamination due to their relatively small volume.  
 
5.2.2 Particulate C, N , P and BSi Analysis 
Samples for particulate carbon (C) and nitrogen (N) were collected by filtering 500 – 
750 ml of Seawater through a pre-combusted 25 mm GFF filter (merck-millipore), 
before rinsing with 50 ml of filtered seawater. All filter holders and funnels were 
washed with 10% HCl and then rinsed with deionised (MilliQ®) water before use. The 
filters were then placed in SEPOC™ pockets and sent to NIWA for Analysis. 
Particulate BSi was determined by hydrolysis with sodium carbonate (Na2CO3) 
(Paasche, 1980). Surface seawater samples and samples from the mesocosm experiment 
were collected by filtering 30 – 60 L (for surface sea water) and 10 – 20 L (for 
mesocosm and microcosm samples) of sample through a 142 mm 0.4 μm polycarbonate 
filter. The filter was immediately placed in a 50 ml polypropylene falcon tube and 
capped to prevent any loss of particulate silicon during storage. All filters were stored at 
-20 
o
C prior to analysis. Material on the filters was used for both the analysis of 
particulate BSi and Si isotopes. Hydrolysis of the samples for particulate BSi content 
was carried out by adding 18 ml of 0.5% Na2CO3 solution to the tubes and heating them 
to 85 
o
C for 2 hours. When cool, each tube was neutralized with 0.5 M HCl to the 
turning point of methyl orange (pH 3 – 4), before being made up to 25 ml. Analysis of 
the solution for silicic acid was then performed using the molybdynum blue method 
(Strickland and Parsons, 1965). Dissolution using hot Na2CO3 was used as opposed to 
NaOH or HF methods in order to maintain consistency between lab-based experiments 
and this study, and to minimize any lithogenic interference from aeolian sources 
(Ragueneau and Tréguer, 1994).  
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5.2.3 Preparation of samples for determination of δ30Si in particulate BSi 
Samples for δ30SiBSi were rinsed from their filters into 2.5 ml Teflon bombs using 
deionised water. They were then evaporated to dryness at 50
o
C in a drying oven 
overnight. To remove any organics that may interfere with the analysis, the samples 
were treated with 1 ml of 30% hydrogen-peroxide (H2O2) solution, and allowed to 
reflux for 24 hours at 70
o
C on a hotplate. Following oxidation, the lids were removed, 
and the samples were left to evaporate to dryness before adding 2 ml of 0.5 M sodium 
hydroxide (NaOH) to dissolve the sediment. Samples were then left to reflux overnight 
again for 24 hours at 50
o
C on before measuring the Si(OH)4 concentration using colour-
metric methods (Strickland and Parsons, 1965). Sodium was removed from the samples 
using cation exchange columns in order to prevent any subsequent interference during 
the analysis. Cation exchange columns were prepared using modified polypropylene 2.5 
ml Pasteur Pipettes loaded with approximately 1 ml Dowex 50W-X8 cation exchange 
resin (200-400 mesh). Colums were cleaned using a 0.5 ml elution of 8% hydrofluoric 
acid (HF) and 3 elutions of 0.75 ml of HP water, before being saturated with protons 
with 3 elutions of 0.75 ml 4M HCl and 3 subsequent elutions with 0.75 ml deionised 
water. The protonation stage was done twice. The columns were then loaded with 0.5 
ml of sample, before being rinsed with 4 elutions of deionised water to ensure the entire 
sample was eluted through. To minimize contamination, samples were collected in vials 
that were cleaned using 8% HF, before being rinsed with deionised water. 
 
5.2.4 Determination of δ30Si in particulate BSi 
δ30Si of diatom BSi was determined according to methods developed by Wille et al. 
(2010) using a multi-collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) (Finnigan Neptune, Germany) operating in dry plasma mode at medium-resolution 
(M/ΔM ~2000). An ESI-Apex nebulizer fitted with a Teflon inlet system and a 
demountable torch fitted with an alumina injector was used for sample introduction in 
order to minimize any background interference. We used a standard-sample-standard 
bracketing technique for data acquisition and reduction (Wille et al., 2010). The δ30Si 
signal (based on the relative abundance of 
30
Si to 
28
Si (
30
Si/
28
Si) was calculated using 
the following formula: 
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     (1) 
 
Where Rsample is the ratio of 
30
Si/
28
Si of the sample and RStd is the 
30
Si/
28
Si of the in-
house RC11 standard. Measurements of sample blanks were made prior to each run to 
ensure that the combined blank and background was <1% of the total sample signal. 
Inter-laboratory NBS28 and diatomite standards were prepared with each daily run, and 
were measured with every three samples (≤ 8 diatomite/NBS28 standards per daily run). 
δ30Si and the δ29Si values were calculated relative to their nearest NBS28 value, while 
NBS28 standards were evaluated against their nearest diatomite standard. 
 
δ30Si and the δ29Si values relative to NBS28 for all the data were plotted against each 
other to ascertain the best-fit mass-dependent fractionation line (MDF, Fig 5.1). Our 
calculated slope for the best-fit MDF line was 0.55 ±0.02 and is consistent with the 
consensus slope of 0.511 obtained from inter-laboratory silicon standard measurements. 
This value also agrees well with the slope of the theoretical fractionation line for Si of 
0.5092 (Reynolds et al., 2007). The reproducibility of the δ30Si signal measured on the 
NBS28 standard (prepared in full and measured on 3 separate occasions) was 0.17 
±0.05 ‰ and agrees well with the regression error of 0.13 (2SE, n = 11) of the MDF 
line. Diatomite standards produced average values for δ29Si of 0.73 ±0.11 ‰ and δ30Si 
of 1.42 ±0.17 ‰ (2 SD, n = 11), and are within the upper 90% confidence range (δ29Si = 
0.79 ‰, δ30Si = 1.54 ‰) of the modal values (δ29Si = 0.66 ‰, δ30Si = 1.27 ‰) from 
inter-laboratory comparisons performed by Reynolds et al. (2007). 
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Figure 5.2. Mass dependent fractionation (MDF) of δ29Si vs δ30Si line for all diatom 
samples relative to NBS28. MDF line represented by δ29Si = 0.55* δ30Si – 0.08, r2 = 0.98, 
2SE = 0.17 ‰ δ30Si. 
 
5.3 Results 
5.3.1 Surface data 
Bloom initiation commenced with a shoaling of the mixed layer on day 272 and 
continued until the end of the voyage on day 279, with surface fluorescence (Arbitrary 
units, AU) ranging from < 0.5 prior to bloom formation, to >1.5 after the bloom 
(Figures 5.3 – 5.5). Nutrient profiles at various stages of the bloom are presented in 
Figures 5.6 and 5.7, and surface nutrients over the duration of the voyage are presented 
in Figure 5.8. NO3
-
 and DFe concentrations exhibit 1.5 – 3 fold decreases in surface 
concentrations during bloom initiation, with NO3
-
 concentrations decreasing from >4.8 
μmol L-1 on Day 267 to < 2.3 μmol L-1 on day 278, and DFe concentrations decreasing 
from > 0.3 nmol L
-1
 on day 267 to < 0.2 nmol L
-1
 on days 278 and 279 (Figure 5.8). 
Si(OH)4 concentrations were relatively low (< 2 μmol L
-1
) in comparison to NO3
-
 
concentrations (≤ 5 μmol L-1) during the voyage, and exhibited little variation during 
bloom initiation, decreasing to 1.7 ±0.02 μmol L-1 by day 279.  
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Community composition of the bloom based on flow cytometry data and size-
fractionated chlorophyll a concentration is presented in Figure 5.9. From the start of the 
voyage, the community composition in surface waters was dominated by eukaryotic 
pico-phytoplankton (0.2 – 2 μm in size); cell concentrations for this group were 
equivalent to the total prokaryote population (Synechococcus and Prochlorococcus) 
during the voyage. This group was also more successful compared to other size 
fractions, exhibiting a 2-fold increase on day 270 and a 3-fold increase in the population 
by day 279. In comparison, both Synechococcus and Prochlorococcus populations 
exhibit little variation from 263 and 274. Synechococcus and Prochlorococcus 
populations change rapidly however, following day 274, where they exhibit 5-fold and 
8-fold increases in the respective populations between days 273 and 279. Despite the 
dominance of pico-phytoplanton in surface waters however, the chlorophyll a inventory 
appears to be dominated by cells <0.2 μm in size (Figure 5.9); which suggests that a 
majority of the photosynthetic activity in the area, was carried out by the prokaryotic 
population.  
 
Surface elemental ratios and particulate C, N, P and BSi concentrations are presented in 
Figure 5.10, while surface values for δ30Si from particulate BSi are presented in Table 
5.1. BSi concentrations in Figure 5.10 remained consistent at ≤ 0.06 μmol L-1 for the 
duration of the voyage and displayed little variation despite a relative spike in 
production at the onset of the bloom, from 0.02 μmol L-1 on day 275 to 0.05 μmol L-1 on 
day 276. The lack of variation in surface BSi is reflected in the relative change in 
surface Si(OH)4 concentrations over the duration of the voyage. Particulate N in Figure 
5.10 exhibits a 2-fold increase on day 274, which is concomitant with a relative 
decrease in the surface NO3
-
 inventory of ~0.5 μmol L-1. Samples for δ30SiBSi from 
particulate BSi were taken prior to bloom initiation (days 268 and 270, Figure 5.5) and 
exhibited δ30SiBSi values of 1.61 ±0.2 ‰ (instrument error, 2*standard error, SE) and 
1.83 ±0.2 ‰ (respectively), whereas δ30SiBSi values were relatively lighter with respect 
to 
30Si following bloom initiation, with δ30SiBSi values of 1.35 ±0.2 ‰ on day 275, and 
1.22 ±0.2 ‰ on day 279. 
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Figure 5.3. Time-slices of underway surface in vivo chlorophyll fluorescence data, 
measured in real time (arbitrary units [AU]) obtained from the FRR (Fast Repetition 
Rate) Fluorometer for days 268 and 270 of the voyage. 
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Figure 5.4. Time-slices of underway surface in vivo chlorophyll fluorescence data, 
measured in real time (arbitrary units [AU]) obtained from the FRR (Fast Repetition 
Rate) Fluorometer for days 275 and 279 of the voyage. 
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Figure 5.5. Surface (0 - 10m) values for BSi, Si(OH)4, δ
30
SiBSi and DFe for days 268, 270, 
275 and 279.
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Table 5.1. Surface BSi concentrations and δ30SiBSi values over the duration of the voyage 
(Samples collected using the ships underway system). Duplicate samples for BSi were 
taken on days 266, 268 and 270 (mean ±1 SD). δ29SiBSi and δ
30
SiBSi values are in per mille 
(‰). Errors for δ30Si values are ± 0.2 ‰ (2SE). 
Longitude/Latitude Annual Day Date δ29SiBSi δ
30
SiBSi 
Surface BSi 
concentration 
(μmol L-1) 
179.14 W 39.09 S 263 19/09/2012   0.05 
179.15 W 39.07 S 264 20/09/2012   0.04 
179.15 W 39.07 S 265 21/09/2012   0.04 
179.17 W 39.02 S 266 22/09/2012   0.03 ±0.001 
179.24 W 38.58 S 267 23/09/2012   0.03 
179.29 W 38.58 S 268 24/09/2012 0.82 1.61 0.03 ±0.01 
179.30 W 38.58 S 269 25/09/2012   0.02 
179.27 W 39.10 S 270 26/09/2012 0.96 1.83 0.03 ±0.005 
179.34 W 38.50 S 271 27/09/2012   0.03 
179.40 W 38.52 S 272 28/09/2012   0.02 
179.40 W 39.04 S 273 29/09/2012   0.02 
179.38 W 38.52 S 274 30/09/2012   0.02 
179.56 W 38.28 S 275 01/10/2012 0.66 1.35 0.02 
179.53 W 38.28 S 276 02/10/2012   0.05 
179.58 W 38.59 S 277 03/10/2012   0.04 
179.45 W 39.04 S 278 04/10/2012   0.06 
179.49 W 38.60 S 279 05/10/2012 0.60 1.22 0.05 
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Figure 5.6. Depth profiles of macronutrient (Si(OH)4, NO3
-
 and PO4
3-
) and DFe concentrations for days 267 and 270.  Values for macro-nutrients are in 
μmol L-1 and values for DFe are in nmol L-1 (±1SD, instrument error). 
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Figure 5.7. Depth profiles of macronutrient (Si(OH)4, NO3
-
 and PO4
3-
) and DFe concentrations for days 275 and 278.  Values for macro-nutrients are in 
μmol L-1 and values for DFe are in nmol L-1 (±1SD, instrument error). 
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Figure 5.8. Mean surface (0 – 10 m) nutrients (Si(OH)4, NO3
-
, PO4
3-
 and DFe) over the 
duration survey. For surface macro-nutrients (Si(OH)4, NO3
-
 and PO4
3-
), values are in 
µmol L
-1
 ±1SD (n = 2). For mean DFe concentrations, values are in nmol L
-1, ±1SD (n ≥ 4). 
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Figure 5.9. Phytoplankton community composition (Top) based on flow cytometry data (in 
cells ml
-1
 ±1SD, n = 3), and Chl:C ratio with mean size-fractionated chlorophyll a 
concentration (Bottom). 
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Figure 5.10. (Top) Mean surface (0-10m) particulate P, N, C and BSi concentations (in 
μmol L-1, ±1SD, n ≥ 1). (Low level) DOC is represented by black dots (detection limit = 
100 μmol L-1, TOC analyser). (Bottom) Elemental ratios based on particulate C, N, P and 
BSi concentrations. All ratios are in mol:mol, ±1SD (n ≥ 1). 
 
5.3.2 Mesocosm (700 L bag) experiment 
There was a significantly different response in the mesocosm experiment compared to 
the response in surface waters over the duration of the voyage. BSi, NO3
-
 and Si(OH)4 
concentrations in the bag at the start of the experiment were comparable to sea-surface 
concentrations of BSi, NO3
-
 and Si(OH)4 on day 266, when the experiment was 
initiated. Both NO3
- 
and Si(OH)4 concentrations exhibited an 11-fold and 9-fold 
decrease (respectively) by the end of the mesocosm experiment, whilst BSi 
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concentrations increased from 0.1 μmol L-1 to 1.3 μmol L-1 by the end of the mesocosm 
experiment (Figure 5.11). There was almost a complete utilisation of the Si(OH)4 pool 
in the mesocosm by siliceous organisms, with BSi production in the mesocosm during 
the exponential phase of growth reaching 18 nmol L
-1
 hr
-1
. This value closely resembles 
the rate of Si(OH)4 depletion in the mesocosm, which reached 20 nmol L
-1
 hr
-1
 during 
the exponential phase of growth. 
 
The starting value (T = 0 hours) for δ30Si from particulate BSi in the mesocosm 
experiment was 1.49 ±0.2 ‰ and was relatively similar when compared to the sea-
surface δ30Si value of 1.61 ±0.2 ‰ collected on day 268 (Figure 5.5). Over the course of 
the experiment, δ30Si values were heavier with respect to 30Si, with δ30Si values 
increasing to 2.64 ±0.2 ‰ by the end of the experiment (Figure 5.11). Si isotope 
fractionation closely resembled Rayleigh fractionation kinetics, and a fractionation 
factor (α) of 0.9989, and an initial value of 2.92 ±0.1 ‰ (Regression error, 1.SE) for 
δ30SiDSi was calculated by fitting a model to the data using SOLVER™ based 
algorithms (De La Rocha et al., 1997). Whilst no community data was available for the 
mesocosm experiment, examination of late exponential populations confirmed the 
presence of the diatoms Asterionelopsis glacilis, Mellosira moniliformis and Ceratium 
arcticum (Figure 5.12). 
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Figure 5.11. Results from the mesocosm (700 L bag) experiment; (a) is the concentration 
(μmol L-1) of Biogenic Silica (BSi), Nitrate (NO3
-
) and Silicic acid (Si(OH)4) over the 
experimental period; (b) is the variation of δ30SiBSi during the experimental period, where 
f is the fraction of dissolved silicon remaining (Si/Si0, where Si0 is the starting 
concentration of Si(OH)4 in the bag). Instrumental errors for δ
30Si values are 0.2 ‰ (2SE). 
A fractionation factor (α) of 0.9989 was calculated using SOLVER™ based algorithms to 
fit a model to the data and closely resembles the reported fractionation factor (ε) of -1.2 
±0.02 ‰ for diatoms in the field (Fripiat et al., 2011a). 
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Figure 5.12. Microscope images of Asterionelopsis glacilis (a) and Mellosira moniliformis 
(b). A. glacilis is a pennate diatom (general length, 30 – 150 µm), whilst M. moniliformis is 
a centric diatom (Length, 11-30 µm, diameter, 17 – 70 µm). 
 
5.3.3 Microcosm (20 L) experiment 
Derived photosynthetic parameters from the microcosm experiment are presented in 
Figure 5.13. Despite the increase in chl a fluorescence at the end of the experimental 
period in both control and Fe-addition experiments; both Fv/Fm and chl a concentration 
all exhibited a small decrease in the control experiment, whilst chl a concentration and 
Fv/Fm seem to increase in response to Fe-addition (Figure 5.13, Table 5.2). σPSII 
(photosystem II effective absorption cross-section) values exhibited a decrease in both 
treatments at the end of the experimental period, however this was more pronounced in 
the Fe-addition experiment. Particulate concentrations of C, N and BSi are presented in 
Figure 5.14a and elemental stoichiometries are presented in Figure 5.14b. BSi 
production increased from 0.1 μmol L-1 at T=0 to 0.9 ±0.2 μmol L-1 and 1.1 ±0.1 μmol 
L
-1
 at T=96 in the control and Fe-addition experiments (respectively). This increase in 
BSi production is consistent with the mesocosm (700 L bag experiment, Figure 5.11) 
which exhibited a 12-fold increase in BSi concentration at the end of the experimental 
period. In addition, both POC and PON concentration exhibited a 2 – 3 fold increase at 
the end of the experimental period, with POC responding more strongly to Fe-addition 
in comparison to the control experiment. As a result both treatments exhibit significant 
increases in elemental ratios at the end of the experimental period, however the increase 
in the C:N ratio is more pronounced in response to Fe-addition as a result of a 3-fold 
increase in POC concentration in the Fe-addition experiment in comparison to a 2.4 fold 
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increase in the control. Relatively stronger increases in Si:N and Si:C ratios are due to a 
more pronounced increase in the BSi concentrations compared to the relative increases 
in POC and POC concentrations. However, Fe-addition appears to have little effect on 
the Si:N and Si:C ratios at the end of the experimental period.  
Table 5.2. Values from microcosm (20 L) control experiment at T = 0 hours and at T = 96 
hours (n ≥ 3, 1 S.D).  BSi, Si:N and Si:C values with no error (*) reflect the single BSi 
measurment taken at T= 0 hours prior to the start of the experiment. 
Parameter T = 0 hours Control (T = 96 hours) 
Fe-addition (T = 96 
hours) 
Fv/Fm 0.38 ±0.02 0.35 ±0.01 0.41 ±0.01
*
 
σPSII 762 ±61 717 ±35 595 ±41* 
Chl a (mg L
-1
) 1.34 ±0.1 1.26 ±0.1 1.75 ±0.1
†
 
POC (μmol L-1) 10.2 ±0.5 24.7 ±1.1 31.6 ±2.5† 
PON (μmol L-1) 1.6 ±0.01 3.24 ±0.2 3.22 ±0.2 
BSi (μmol L-1) 0.1* 0.92 ±0.2 1.09 ±0.1 
Si:N (mol/mol) 0.06
*
 0.28 ±0.05 0.34 ±0.03 
Si:C (mol/mol) 0.01
*
 0.04 ±0.001 0.03 ±0.004 
C:N (mol/mol) 6.38 ±0.23 7.64 ±0.09 9.8 ±0.18
‡
 
*
Variation from control at the 90-95 % confidence interval 
†
Variation from control at the 95-99% confidence interval 
‡
Variation from control at >99% confidence interval 
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Figure 5.13. Change in photosynthetic parameters of microcosm (20 L) control 
experiments after 96 hours incubation time. Both control and Fe-addition experiments 
exhibit increases in chlorophyll a fluorescence after 96 hours, whilst both Photo-chemical 
efficiency (Fv/Fm) chlorophyll a content subsequently decrease in the control experiment. 
In contrast, Both Photo-chemical efficiency (Fv/Fm) and chlorophyll a content increase 
with Fe-addition after 96 hours compared to control experiments. 
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Figure 5.14. Variation in particulate Nitrogen, Carbon (POC, PON) and BSi concentration 
(a) and elemental ratios (b) in the microcosm (20 L) control experiments. There was little 
variation between both control and Fe-addition experiments in PON and BSi 
concentration after 96 hours, and subsequently little variation in Si:N and Si:C ratios, 
despite an increase in POC concentration in the Fe-addition experiment. 
 
5.4 Discussion 
Fractionation of Si isotopes in the bag (Figure 5.10) closely resembled Rayleigh 
fractionation closed-system kinetics, and we were able to calculate a fractionation factor 
(ε) of -1.13 ‰ and a starting seawater value for δ30SiDSi of 2.92 ±0.1 ‰ (De La Rocha et 
al., 1997). Si-isotope fractionation factors for field communities have been reported 
before in the literature. The fractionation factor reported from the mesocosm 
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experiment, closely resembles fractionation factors for field communities in the 
Southern Ocean, particularly in the APFZ (-1.2 ± 0.2‰) (Fripiat et al., 2011b), the 
Southern Antarctic Circumpolar Current (-1.0 ± 0.1‰; closed-system model) (Varela et 
al., 2004), and Eastern Equatorial Pacific (1.08 ± 0.27‰)  (Beucher et al., 2008). This is 
the second study to report Si-isotope fractionation in field populations of diatoms from 
low Si-waters. The reported value here (-1.13 ‰) agrees with the value calculated by 
Beucher et al. (2008) for the Equatorial Pacific (assuming steady-state conditions). 
When a non-steady state model was applied, the value decreased to -0.61 ±0.16 ‰ 
(Beucher et al., 2008). The result presented here is also in good agreement with reported 
fractionation factors from the relatively high-Si(OH)4 waters in the APFZ, and suggests 
that fractionation of Si-isotopes in field communities of diatoms is independent of 
variations in Si(OH)4 concentrations (Varela et al., 2004, Fripiat et al., 2012). 
Fractionation in field communities also appears to be independent of Fe-concentrations 
also, with ε factors for diatoms exhibiting values between 1.1 and 1.2 ±0.2‰ in 
Southern Ocean and New Zealand waters despite the 10-fold difference in Fe-
concentrations between the two basins (Fripiat et al., 2011a, Boyd et al., 2015). 
 
While values for ε reported here and in previous field studies for marine diatom 
communities display remarkable resemblance, there seems to be little agreement with 
recent in-vitro studies. Early in-vitro studies involving monocultures of T. weisfloggii, 
Thalassiosira sp. and Skeletonema costatum obtained an overall value for ε of -1.1 ±0.4 
‰ (De La Rocha et al., 1997); whereas more recent work found significant variations in 
ε between the Southern Ocean species Chaetoceros brevis (-2.09 ± 0.09 ‰) and 
Fragilariopsis kergulensis (-0.56 ± 0.07 ‰) (Sutton et al., 2013). This may suggest that 
diatom community composition could play a significant role in setting the value for ε 
for field communities, if this is the case; then there would be a greater variation in the 
value of ε in the field. The remarkable similarity in ε among field studies suggests 
otherwise.  
 
Our calculated value of 2.92 ±0.1 ‰ for δ30SiDSi reflects the influence of SAW (Sub-
Antarctic Water) in the region, and relative depletion of Si(OH)4 in surface waters by 
silicifying organisms (de Souza et al., 2012a). SAW is comprised mostly of SAMW 
(Sub-Antarctic Water), a water mass which can be tracked by its stable Si-isotopic 
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signature of ~2 ‰ (de Souza et al., 2012b). δ30SiDSi values are conserved over much of 
this water mass in the mesopelagic zone, and only begin to exhibit variation when they 
encounter the relatively lighter Si-isotopic values of deep North Pacific waters (Fripiat 
et al., 2012). As SAW is pushed up the Campbell plateau and approaches the Chatham 
Rise; it is entrained in surface waters and meets STW (Sub-tropical Water), which 
originates from the Tasman Front, North of New Zealand (Marr et al., 2013). It is 
difficult to ascertain the relative contribution of SAW and STW on the Si-isotope 
composition of Si(OH)4 in surface waters in the region, as relatively little is known on 
the Si-isotope composition of STW east of New Zealand. However, biological 
fractionation in surface waters likely enriches the δ30SiDSi signal with respect to 
30
Si, in 
a similar fashion to the δ30SiDSi values observed in the North Pacific, where biological 
fractionation by diatoms from a limited Si(OH)4 pool in surface waters also results in 
remarkably high δ30SiDSi values (~3.2 ‰) (Reynolds et al., 2006).  
 
The high δ30SiDSi value calculated from the bag experiment reflects the relatively high 
δ30SiBSi values observed prior to bloom initiation on days 268 and 270 (Fig 5.5, Table 
5.1). These values decreased by ~0.5 ‰ on days 275 and 279, likely as a result of fresh 
inputs of Si(OH)4 that were lighter with respect to 
30
Si. This reflects the open system 
nature of the area, however this systems likely approaches semi-closed system kinetics 
as the water column stratifies and the bloom progresses (Boyd et al., 2012). In contrast, 
whilst the initial δ30SiBSi value in the mesocosm (700 L bag) experiment (1.49 ±0.2 ‰) 
resembled the surface value on day 268 (1.61 ±0.2 ‰), the closed-system nature of the 
bag resulted in the progressive enrichment of δ30SiBSi with respect to 
30
Si by more than 
1.13 ±0.1 ‰, with a final δ30SiBSi value of 2.64 ‰ by the end of the experiment. 
However, it is likely that surface δ30SiBSi didn’t reach this value, as Si(OH)4 was not the 
main factor limiting diatom productivity. Instead, diatoms would likely be out-
competed by smaller phytoplankton and microbes from the limited supply of available 
DFe, and thus undergo Fe-limitation in the late stages of the bloom (Boyd et al., 2012). 
During the field study, Fe-cycle II (see Boyd et al, 2012), Si(OH)4 concentrations <1 
μmol L-1 were rarely seen (Ellwood et al., 2014), so assuming closed conditions, surface 
δ30SiBSi values would rarely exceed ~2 ‰. 
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An interesting result was the relative response in BSi production in the mesocosm 
experiment compared to surface waters (Figures 5.5 and 5.11). BSi production in the 
bag increased 13 fold during the experimental period, whilst BSi concentrations in 
surface waters varied little during the voyage, only increasing from 0.02 μmol L-1 on 
Day 275 of the voyage, to 0.06 μmol L-1 on day 278. This was reflected in the 
phytoplankton community structure (Figure 5.9); where the community was dominated 
by the presence of eukaryotic picoplankton (0.2 – 2 μm), and a background population 
of photosynthetic prokaryotes (Synechococcus and Prochlorococcus). Size fractionated 
chlorophyll a distribution suggests that the prokaryotic community dominated 
photosynthetic activity, with a majority of the chlorophyll a concentration (Figure 5.9) 
in surface waters residing in the <0.2 μm fraction. This suggests that the eukaryotic 
picoplankton present in the population are likely heterotrophic in nature. It is likely that 
these picoplankton are able to survive the deep winter mixing by feeding on organic 
matter (Lefort and Gasol, 2013); and thus are able to dominate the phytoplankton 
community prior to bloom initiation. Previous studies in the area suggest that at its 
peak, the bloom is dominated by photosynthetic prokaryotes and large diatoms such as 
Asterionellopsis glacilalis (56 μm3) and Leptocylindrus sp. (588 μm3) within the bloom 
community (Boyd et al., 2012). Similarly, we observed an increased abundance of A. 
glacialis, M. moniliformis and C. arcticum in the exponential stage population in the 
mesocosm (Figure 5.12).  
 
The relatively rapid uptake of Si(OH)4 in the bag as well as the 12-fold in BSi 
concentrations suggest that changes in water-column stability have encouraged more 
rapid bloom initiation compared to surface waters. It is unlikely that Fe had a 
stimulatory effect, as this was only increased by 0.2 nmol L
-1
 relative to surface waters, 
which were 0.3-0.4 nmol L
-1
. The microcosm (20 L) experiments confirm this, where 
rates of BSi production show little variation between control and Fe-addition replicates 
(p >0.05). Fe addition did seem to affect photosynthetic parameters (Fv/Fm, σPSII and 
chlorophyll a concentration) as well as particulate carbon concentration in comparison 
to the control experiment, so some community dynamics may have differed in the 
mesocosm compared to the community in surface waters. It is possible that the addition 
of Fe may have removed resource competition between diatoms and microbes in the 
bag, however it is more likely that the larger phytoplankton were initially dominating 
before being run into Fe-limitation by smaller microbes (Boyd et al., 2012, Ellwood et 
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al., 2015). That said, it is difficult to determine why the Si(OH)4 inventory in the bag 
ran out, whilst the sea-surface inventory was maintained. Based on evidence from 
surface δ30SiBSi composition at bloom initiation, it is likely that Si(OH)4 pools are 
maintained in the mix layer, probably by vertical mixing. Ultimately, diatom growth in 
the region is limited by microbial control on the Fe-inventory, and not the supply of 
Si(OH)4 (Boyd et al., 2012).  
 
It is clear from this study that additional resource limitation (such as Fe-limitaiton) can 
inadvertently affect the δ30SiDSi composition in surface waters, in this case, it is likely 
that microbial control not only affects the surface Fe-inventory and the growth of 
diatoms (Boyd et al., 2012); but also the Si(OH)4 concentration in surface waters, and 
consequently the δ30SiDSi and δ
30
SiBSi composition. The relatively high δ
30
SiDSi 
composition is partly due to preferential fractionation of 
28
Si by diatoms, however the 
continuous re-supply of isotopically heavy Si(OH)4 in surface waters may also play a 
more important role in controlling the δ30Si composition in these waters. Co-limitation 
with other resources are likely to explain the variance in apparent fractionation factors 
across the Southern Ocean Polar Frontal Zone (Cardinal et al., 2007). In chapter 4, it 
was suggested that Si-isotope fractionation was independent of variations in Fe-
concentration, however, it was demonstrated that a species effect may apply when it 
comes to the effects of Fe-limitation in setting the value of ε during Si(OH)4 uptake, 
particularly in the case of Southern Ocean diatoms. This however, is likely to have a 
minor effect on surface δ30Si composition, instead, observed variations in the apparent 
fractionation factor (Δ30Si = δ30SiDSi– δ
30
SiBSi) are, likely due to variations in the supply, 
export and cycling of Si in surface waters. Additional resource limitation on diatom 
growth, and could also play an more important role in setting the value of ε in diatom 
communities (Cardinal et al., 2007, Fripiat et al., 2012).  
 
5.5 Conclusions 
It is clear from this field study that additional resource competition from other members 
of the phytoplankton community ultimately controls the δ30Si composition of Si(OH)4 
and BSi in surface waters east of New Zealand. Contrasting results from the mesocosm 
(700 L) bag experiment and sea-surface measurements suggest that δ30SiBSi in surface 
waters rarely exceeds ~ 2 ‰ as a result of microbial control of the diatom population 
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(Boyd et al., 2012); and the continuous re-supply of Si(OH)4 to surface waters. Despite 
this, δ30SiDSi values in surface waters of New Zealand are relatively high, and it is likely 
that resupply by waters enriched in 
30
Si likely plays a larger role in governing the δ30Si 
composition of surface waters rather than biological fractionation by diatoms. It is 
possible that additional resource limitation may be responsible for the zonal variations 
in Si-isotope fractionation across the APFZ (Cardinal et al., 2007). 
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6 Conclusions 
 
6.1 Summary 
The main objectives of this thesis was to investigate the effects of iron (Fe) limitation 
on Southern Ocean diatom physiology, with particular emphasis on Si-uptake kinetics, 
induced variations in cell morphology, and changes in cellular elemental stoichiometry. 
Investigations into the effects of Fe-limitation on silicon (Si) isotope fractionation in 
diatoms were also undertaken. Finally, investigations into the biological fractionation of 
Si-isotopes by diatoms during a spring bloom in New Zealand waters put the in-vitro 
studies in context. The four chapters which form the core of this thesis are connected by 
the common objective to link processes that occur over a global scale with micro-scale 
processes in marine diatoms, and help explain the empirical relationship between Fe, 
and Si in the Ocean. 
 
6.2 Chapter 2 
In chapter 2, methods were developed to normalise kinetic parameters for silicic acid 
(Si(OH)4) uptake between different species of diatom using the coastal species, 
Thalassiosira pseudonana. It was evident from our results that T. pseudonana lacked 
the acclimation capabilities of other diatoms in response to Fe-limitation. T. pseudonana 
exhibited little variation in cell morphology or elemental stoichiometry in response to 
Fe-stress. In contrast growth rates decrease with Fe-stress as well as kinetic parameters 
relating to maximal Si(OH)4 uptake (VSi-max). Whilst the half saturation constant (KSi) 
could not adequately be resolved due to limitations in the methodology, it was evident 
that variations in both VSi-max and KSi as a result of Fe-limitation did not vary greatly 
with cell surface to volume (S/V) ratio; as has otherwise been suggested (Leynaert et al., 
2004). We observed, however, that VSi-max exhibits a linear variation with growth rate, 
which points to a possible mechanism that decouples the diatom Si-metabolism from 
the Carbon (C) and Nitrogen (N) metabolisms. Thus, decreases in KSi resulting from 
induced variations in VSi-max are likely to be changed by intracellular (possibly 
biochemical) means rather than by variations in cell morphology. 
 
147 
 
6.3 Chapter 3 
Chapter 3 builds on the findings of chapter 2, by examining the effects of Fe-limitation 
on two Southern Ocean, centric, species of diatoms, namely, Probocia inermis and 
Eucampia antarctica. Both diatoms increase their cell volume and surface area under 
Fe-stress, probably in order to cope with grazing pressure. Decoupling of Si- from C, N 
metabolisms in both diatoms was evident; intracellular C and N exhibited >4-fold 
decrease in response to Fe-stress on a per cell volume basis relative to biogenic silica 
(BSi). In contrast, mean BSi concentration on a per cell surface basis exhibited little 
variation under Fe-stress in P. inermis, and decreased in E. antarctica. As a 
consequence both diatoms exhibited increases in their respective Si:N and Si:C ratios. 
Variations in VSi-max on a per cell surface basis scaled linearly with growth rate in both 
Southern Ocean diatoms and in T. pseudonana, the relatively higher affinity for Si(OH)4 
uptake exhibited by T. pseudonana compared to both Southern Ocean diatoms likely 
arises from adaptations to high-Si conditions in Southern Ocean waters. A mechanism 
was also proposed by which the intracellular Si-metabolism is modified in diatoms 
under Fe-stress, however elucidating internal mechanisms requires further work.  
 
6.4 Chapter 4 
In chapter 4, investigations into the effects of Fe-limitation on Si-isotope fractionation 
was done on P. inermis, E. Antarctica and T. pseudonana. The Si-fractionation factor 
(ε) exhibited no variation in response to variations in Fe-supply in T. pseudonana, 
however, Fe-stressed Southern Ocean diatoms exhibited mean ε values that were 0.19 – 
0.27‰ (within error) more negative than diatoms grown under Fe-replete conditions. 
Whilst this variation in likely not enough to have a significant impact on δ30Si 
interpretations, it suggests that the inter-species effect on Si-isotope fractionation 
reported by Sutton et al. (2013) may also extend to variations in the physico-chemical 
environment. Several pathways were identified by which Si-isotope fractionation can 
take place, however the general lack of knowledge on the intracellular mechanisms 
controlling bio-silicification in diatoms limits our understanding on how diatoms 
fractionate Si-isotopes during Si(OH)4 uptake. 
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6.5 Chapter 5 
In chapter 5, contrasting results based on surface waters east of New Zealand and a 
mesocosm experiment, were used to investigate biological fractionation of Si-isotopes 
by diatoms in the field. Si-isotope fractionation in the bag exhibited classical style 
Rayleigh closed system kinetics, and a fractionation factor (ε) of -1.13 ±0.1 ‰ was 
calculated for the diatom population. In contrast, the δ30Si of BSi (δ30SiBSi) collected 
from surface waters suggested that the Si(OH)4 was being re-supplied to surface waters, 
and it is likely that steady state, open-system Si-isotope fractionation kinetics applied 
prior to bloom initiation (Varela et al., 2004). Results from previous studies demonstrate 
microbial control on the Fe-inventory in surface waters likely limits the growth of 
diatoms, consequently, surface concentrations of Si(OH)4 rarely decrease < 1 µmol L
-1 
(Boyd et al., 2012). Assuming closed-system kinetics apply during bloom conditions, 
results from the mesocosm show that surface values for δ30SiBSi would rarely exceed ~2 
‰, and it is likely that continuous supply of Si(OH)4 to surface waters may play a more 
important role in setting the δ30Si composition in surface waters. Thus, it is increasingly 
likely that the zonal variation in apparent Si-isotope fractionation across the Antarctic 
Polar Frontal Zone is due to additional resource limitation, and competition between 
other phytoplankton groups (Cardinal et al., 2007). 
 
6.6 General conclusions 
The main objective of this study was to address how Southern Ocean diatom physiology 
changes in response to variations in Fe-supply, and to examine if any of these induced 
physiological variations affect Si-isotope fractionation in diatoms. In chapters 2 and 3, 
the effects of Fe-limitation on Si(OH)4 uptake kinetics in the diatoms T. pseudonana, P. 
inermis and E. antractica were investigated. Using information drawn from variations 
in the their elemental stoichiometries and cell morphology as a result of Fe-stress, a 
mechanism, in which the intracellular metabolism of Si is decoupled from that of C and 
N was proposed. In chapter 4, a species effect was observed in relation to how Fe-stress 
affects Si-isotope fractionation in diatoms. By using contrasting results from chapters 2 
and 3 from the Si-uptake experiments, a mechanism by which Fe-limitation could 
potentially affect Si-isotope fractionation was elucidated. Chapter 5 was field study that 
put the findings in chapters 2, 3 and 4 into context, and findings from this study suggest 
that induced physiological variations in diatoms as a result of Fe-limitation alone; are 
not adequate enough to properly explain biogeochemistry of Si in the ocean.  
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6.7 Future research directions 
Whilst this thesis has proposed mechanisms relating to how Si-isotopes are fractionated 
by diatoms, investigations are confounded by the general lack of knowledge on the 
intracellular diatom Si-metabolism. Specifically, relatively little is known on how Si is 
transported at the intracellular level. In addition, relatively little is known on how 
physiological variations resulting from resource limitation in diatoms affects their 
position in the food web. The following recommendations are made to address these 
points: 
 
Intracellular mechanisms controlling Si(OH)4 uptake and Si-isotope fractionation in 
diatoms – In chapter 4, several intracellular pathways by which Si-isotope fractionation 
could occur were suggested. Whilst it is difficult to monitor the fractionation of Si-
isotopes over these pathways in real-time, future in-vitro studies however should be able 
to use Si-isotopes and resource limitation to monitor these intracellular pathways. For 
example, Fe-limitation in combination with short-term Si-starvation can be used to 
monitor potential variations in the intracellular pools of Si(OH)4, and provide insights 
into how growth rate variations are translated into variations in Si(OH)4 kinetic uptake 
parameters. Additional experiments involving continuous cultures and different levels 
of Fe- and Si(OH)4 limitation will also improve our understanding of how diatoms 
fractionate Si-isotopes. These should include diatoms from both high and low-Si 
environments in order to explore diffusion related uptake compared to active uptake.  
 
Resource competition with other phytoplankton and positioning in the food web – In 
chapter 5, it was observed that despite the relatively low Si(OH)4-concentration in New 
Zealand waters, it did not ultimately limit the growth of diatoms. Instead, resource 
competition with microbes prevented the Si(OH)4 surface water pool from becoming 
depleted (Boyd et al., 2012); thus affecting the final δ30Si composition in surface waters. 
In addition, it was also suggested in chapter 3 that diatoms use resource limitation to 
alter their morphology for protection against grazer, or to compensate for a loss in 
photosynthetic efficiency (Smetacek et al., 2002, Strzepek et al., 2011). Future work 
150 
 
should focus on the effects these intracellular physiological variations can have on the 
wider phytoplankton and zooplankton community.  
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8 Appendix A – Supplementary Data 
Hanes-Woolf and residual plots for Si uptake uptake experiments were generated using 
Sigma-Plot version 12.0 (Systat Software, San Jose, CA). Analysis of cell size and 
intracellular nutrients was done using a one-way ANOVA and Tukey-Kramer post-hoc 
test (Excel 2008, stat add-in). 
 
Appendix 8-1. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-replete treatment 
(Total Fe= 500 nmol L
-1, Fe′ = 418 pmol L-1) replicate 1. Statistical information for Hanes-
Woolf plot: R
2
 = 0.98, SE of estimate = 157053, y
0
 = 151502, slope = 146367, DF = 12. 
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Appendix 8-2. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Total Fe= 250 nmol L
-1
, Feʹ = 209 pmol L-1) replicate 1. Statistical information for Hanes-
Woolf plot: R
2
 = 0.91, SE of estimate = 343299, y
0
 = 20604, slope = 194168, DF = 12. 
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Appendix 8-3. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Total Fe= 250 nmol L
-1, Fe′ = 209 pmol L-1) replicate 2. Statistical information for Hanes-
Woolf plot: R
2
 = 0.98, SE of estimate = 156423, y
0
 = 198424, slope = 177981, DF = 12. 
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Appendix 8-4. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Total Fe= 80 nmol L
-1
, Fe′ = 67 pmol L-1) replicate 1. Statistical information for Hanes-
Woolf plot: R
2
 = 0.92, SE of estimate = 372455, y
0
 = 418992, slope = 261713, DF = 9. 
 
169 
 
 
Appendix 8-5. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Total Fe= 80 nmol L
-1
, Fe′ = 67 pmol L-1) replicate 2. Statistical information for Hanes-
Woolf plot: R
2
 = 0.96, SE of estimate = 409591, y
0
 = 363967, slope = 408073, DF = 9. 
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Appendix 8-6. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Total Fe= 30 nmol L
-1
, Fe′ = 25 pmol L-1) replicate 1. Statistical information for Hanes-
Woolf plot: R
2
 = 0.83, SE of estimate = 2452299, y
0
 = 2126758, slope = 758012, DF = 10. 
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Appendix 8-7. Graphic of results of Tukey-Kramer test for Cell Volume (ANOVA, p = 
0.008, DF = 14) and Cell Surface area (ANOVA, p = 0.01, DF = 14).  T-test results between 
treatments showed no significant variations (p >0.01) for Cell Volume or Cell Surface 
Area. 
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Appendix 8-8. Graphic of results of Tukey-Kramer test for BSi cell
-1
 (ANOVA, p = 0.005, 
DF = 17) and Cell C cell
-1
 (ANOVA, p = 0.00005, DF = 17). T-test results between 
treatments showed significant variation (p < 0.01) in C cell
-1
 between the 418 pmol L
-1
 and 
the 25 pmol L
-1
 treatments and BSi cell
-1
 between the 42 pmol L
-1
 and the 25 pmol L
-1
 
treatments. 
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Appendix 8-9. Graphic of results of Tukey-Kramer test for N cell
-1
 (ANOVA, p = 0.0001, 
DF = 17). T-test results between treatments showed significant variation (p < 0.01) 
between the 418 pmol L
-1
 and the 25 pmol L
-1
 treatments. 
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Appendix 8-10. Graphic of results of Tukey-Kramer test for C:N ratio (ANOVA, p = 
0.006, DF = 17) and Si:C ratio (ANOVA, p = 0.15, DF = 17). T-test results between 
treatments showed no significant variation (p > 0.01) between all treatments. 
 
 
175 
 
 
Appendix 8-11. Graphic of results of Tukey-Kramer test for Si:N ratio (ANOVA, p = 0.04, 
DF = 17). T-test results between treatments showed significant variation (p < 0.01) 
between the 418 pmol L
-1
 and the 25 pmol L
-1
 treatment. 
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Appendix 8-12. Graphic of results of Tukey-Kramer test for C cell μm-3 (ANOVA, p = 
0.001, DF = 17) and N cell μm-3 (ANOVA, p = 0.02, DF = 17). T-test results between 
treatments showed significant variation (p < 0.01) in C cell μm-3 between the 67 pmol L-1 
and 42 pmol L
-1
 treatments; and the 25 pmol L
-1
 treatment. 
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Appendix 8-13. Graphic of results of Tukey-Kramer test for BSi cell μm-3 (ANOVA, p = 
0.02, DF = 17) and BSi cell μm-2 (AN OVA, p = 0.008, DF = 17). T-test results between 
treatments showed significant variation (p < 0.01) between the 42 pmol L
-1
 treatments and 
the 25 pmol L
-1
 treatments in both BSi cell μm-3 and BSi cell μm-2. 
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9 Appendix B – Supplementary Data 
Hanes-Woolf and residual plots for Si uptake uptake experiments were generated using 
SigmaPlot version 12.0 (Systat Software, San Jose, CA). 
 
Appendix 9-1. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-replete treatment 
(Fe′ = 3369 pmol L-1) of E. antarctica, replicate 1. Statistical information for Hanes-Woolf 
plot: R
2
 = 0.90, SE of estimate = 0.042, y
0
 = 0.15, slope = 0.01, DF = 10. 
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Appendix 9-2. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-replete treatment 
(Fe′ = 3369 pmol L-1) of E. antarctica, replicate 2. Statistical information for Hanes-Woolf 
plot: R
2
 = 0.8, SE of estimate = 0.069, y
0
 = 0.28, slope = 0.01, DF = 9. 
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Appendix 9-3. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Fe′ = 83 pmol L-1) of E. antarctica, replicate 1. Statistical information for Hanes-Woolf 
plot: R
2
 = 0.93, SE of estimate = 0.067, y
0
 = 0.3, slope = 0.02, DF = 10. 
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Appendix 9-4. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Fe′ = 0.2 pmol L-1) of E. antarctica, replicate 1. Statistical information for Hanes-Woolf 
plot: R
2
 = 0.98, SE of estimate = 0.086, y
0
 = 0.24, slope = 0.05, DF = 10. 
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Appendix 9-5. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-replete treatment 
(Fe′ = 3369 pmol L-1) of P. inermis, replicate 1. Statistical information for Hanes-Woolf 
plot: R
2
 = 0.93, SE of estimate = 0.02, y
0
 = 0.8, slope = 0.006, DF = 9. 
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Appendix 9-6. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-replete treatment 
(Fe′ = 3369 pmol L-1) of P. inermis, replicate 2. Statistical information for Hanes-Woolf 
plot: R
2
 = 0.98, SE of estimate = 0.02, y
0
 = 0.07, slope = 0.009, DF = 9. 
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Appendix 9-7. Hanes-Woolf plot (top) and residual plot (bottom) for Fe-limited treatment 
(Fe′ = 0.2 pmol L-1) of P. inermis, replicate 2. Statistical information for Hanes-Woolf plot: 
R
2
 = 0.98, SE of estimate = 0.22, y
0
 = 0.56, slope = 0.21, DF = 7. 
 
